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TO 

JOHN A. LOWELL, LL.D., 

BOSTON, MASSACHUSETTS. 

Dear Sm: 

From the early lectures of the Lowell In- 
stitute I derived^ when a hoy^ my taste for the science 
which hecame the occupation of my after-life^ and it 
has since often heen my privilege to illustrate hefore 
the intelligent audiences — which^ for more than thirty 
winters^ the Institute ha^ gathered under your direc- 
tion — the results of the studies that I there began. 
Allow mcy then^ to dedicate to you this volume^ as an 
expression of my indebtedness to the foundation you 
have so long and so ably administered. 
With great respect^ 

Your obedient servant^ 

JOSIAH P. COOKE, Jb, 



PREFACE. 



The lectureB now publislied were delivered before 
the Lowell Institute, ia Boston, in the antnmn of 1872. 
They aimed to present the modem theories of chem- 
ifltry to an intelligent but not a professional audience, 
and to give to the philosophy of the science a logi- 
cal consistency, by resting it on the Taw of Avogadro. 
Since many of the audience had studied the elements 
of chemistry, as they were formerly taught under the 
daalistic system, it was also made an object to point ont 
the chief characteristics by which the new chemistry 
differed from the old. The limitations of a com-ae of 
popular lectures necessarily precluded a full presenta- 
tion of the subject, and only the more prominent and 
less teehnical features of the new system were discussed. 
[ In writing out his notes for the press, the author has 
' retained the lecture style, because it is so well adapted 
' for the popular exposition of scientific subjects ; but he 
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is painfiilly conscious that any description of experi- 
ments must necessarily faH far short of giving that force 
of impression which the phenomena of Nature produce 
when they speak for themselves, and, in weighing the 
arguments presented, he must beg his readers to make 
allowances for this fact. 

Cambbidge, S^tember 6, 1878. 
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MOLECDLEa AND AVOGADEO S LAW, 

In every pliysical science we have carefully to dis- 
tinguish between the facts which form its subject-mat- 
ter and the theories by which we attempt to explain 
i*hese facts, and group them in our scientific Bystems. 
' The first alone can be regarded as absolute knowledge, 
and such knowledge is immutable, except in so far as 
8ubsec[uent observation may correct previous -error. 
The last are, at best, only guesses at truth, and, even 
in their highest development, are subject to limitations, 
^snd liable to change. 

Bat this distinction, so obvious when stated, is often 
[overlooked in our scientifie textbooks, and not without 
jreason, for it is the sole aim of these elementary 
'eatises to teach the present state of knowledge, and 
t fail in their object if they attempted, by a 
too critical analysis, to separate the phenomena from 
the systems by which alone the facts of Nature arc 
correlated and rendered intelligible. 

When, however, we come to study the history of 

science, the distiuction between fact and theory ob- 

limdes itself at once upon o\ir attention. We see 

lat, while the prominent facts of science have re- 
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maiacd tho same, its history Las been marked by very 
frequent revolutionb in its theories or systems. The 
courses of the planets have not changed eince they 
were watched by tlie Chaldean astronomers, three thou- 
sand years ago ; but bow differently Iiave their motions 
been explained — first by Hipparehus and Ptolemy, 
then by Copernicus and Kejilei', and lastly by Newton 
and Laplace I — and, however groat our faith in the law 
of universal gravitation, it is difflcult to believe that 
even tbis grand generalization is the final result of 
astronomical science. 

Let me not,.howevci', be understood to im]jly a be- 
lief that man cannot attain to any absolute scientific 
truth; for I believe that he can, and I feel that every 
great generalization brings him a step nearer to the 
promised goal. Moreover, I ej-mpatbize with that , 
beautiful idea of Oersted, which be expressed in the 
now familiar phrase, " 77te laws of Mature are the 
thoughts of God;" but, then, I also know that our 
knowledge of these laws is as yet very imperfect, and 
that o\p human systems must be at the best but very 
partial expressions of the truth. Still, it is a fact, wor- 
thy of our profound attention, that in each of the physi- 
cal sciences, as in astronomy, the successive great gen- 
eralizations which have marked its progress have in- 
cluded and expanded rather than superseded those which 
went before them. Through the great revolutions which 
have taken place in the forms of thought, the elements 
of tmtli in the sncceasive systems have been preserved, 
while the error has been as constantly eliminated ; 
and so, as I believe, it always will he, until the last 
generalization of all brings us into the presence of that 
law which is indeed the thought of God. 

There is also another fact, which has an important 
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tearing on the subject we are eonsideriiig. Almost 
iSU tlie gi-eat generalizations of eeieuec have been more 
or IcBB fully anticipated, at least in eo far that tbe gen- 
eral truth which they involve has been previously 
conceived. The Copemican theory was taught, eub- 
Btantially, by the diseiplee of Pythagoras. The law 
of gravitation was suggested, both by Hooke and 
CaBsini, Bevcral years belbre Newton published his 
"Principia;" and the same general fact has been 
recently very markedly illustrated in the discovery of 
the methods of spectrum analysis, every principle of 
which had been previonsly announced. The history 
of science shows that the age must be prepared before 
really new scientific truths can take root and grow. 
The barren pi-emonitions of science have been barren 
because these seeds of tnith fell upon nnlruitful soil ; 
and, as soon as the fulluess of the time was come, the 
Bced has taken root and the fruit has ripened. No 
lOne can donbf, for example, that the law of gravitation 
■would have been discovered before the close of the 
seventeenth century if Newton had not lived ; and it is 
equally true that, had Newton lived before Galileo and 
Kepler, he never could have mastered the difiicult 
problems it was his privilege to solve. We justly honor 
with the greatest veneration the true men who, having 
been called to occupy these distinguished places in the 
history of science, have been equal to Iheir position, 
d have acquitted tlieinsclves so nobly before the 
orld ; but every student is surprised to find how very 
Ittle is the share of new truth which even the greatest 
snius has added to the previous stock. Science is a 
■owth of time, and, though man's cultivation of tlie 
lid is an essential condition of that growth, the de- 
'elopment steadily progresses, independently of any in- 



12 UOLECDLES AND AVOGADRO'S LAW. 

dividual inveatigator, however great his mental power. 
The greatest philosophical generalizationB, il' prema- 
ture, will fall on barren eoiJ, and, when the ago is 
ripe, tliey are never long delayed. The very discovery 
of law is regulated by law, or, as we rather believe, ia 
directed by Providence ; but, however we may prefer 
to represent the facts, this natural growth of knowl- 
edge gives ns the strongest assurance that the growth 
is sound and the progress real. Although the foun- 
dations of science have been laid in such obscurity, its 
students have worked under the direction of the same 
guiding power which rules over the whole of Nature, 
and it cannot be that the structure they have reared 
with so much care is nothing but the phantom of a 
dream. Still it is true that, beyond the limits of direct 
observation, our science ia not infallible, and our theo- 
ries and systems, although they may all contain a ker- 
nel of truth, undergo frequent changes, and are often 
revolutionized. 

Through such a revolution the theory of chemistry 
has recently passed, and the system which is now u 
versally accepted hy the principal students of the e 
ence is greatly different from that which has be 
taught in oiir schools and colleges until within a few 
years. I 'have, therefore, felt that the best, service I 
could render in this course of lectures would be to ex- 
plain, as clearly as I am able, the principles on which 
the new philosophy is baaed, and to show in what it 
differs from the old. I have felt that there were many 
who, having studied what we must now call the old 
chemistry, would bo glad to bridge over the gulf which 
separates it from the new, and to become acquainted 
with the methods by which we now seek to group to- 
gether and explain the old facts. 



STARTING-POINT OF THE NEW CUEMISTRY. la 

Those who studied the Bcienee of chemistry twenty 
years ago, as it was taught, fur example, iu the works 
of the late Dr. Turner, were greatly impressed with 
the Bimplieity of the system and the beauty of its no 
menelatiire. Until recently the study of the ne^o cheinia- 
^7*^ has been far less inviting; since the science haslxjen 
passing through a process of reconstruction, and dis- 
played the imperfections of any half-built edihce ; hut 
it has now reached a condition in which it can be pre- 
Bciited with the unity of a philosophical system. Our 
starting- point in the exposition of the modern chemis- 
- try must be the great generalization which is now 
known as the law of Avogadro, or Ampere, This 
law was first stated by Amedeo Avogadro, an Italian 
physicist, in Itll, and was reproduced by Ampere, a 
French physicist, in 1814, But, although attained 
thus early in the history of our science, this grand 
conception remained barren for nearly half a century. 
Now, however, it holds the Bame place in chemiatry 
that the law of gravitation does in astronomy, though, 
unlike the latter, it was announced half a century be- 
fore the science was suiSeiently mature to accept it. 
The law of Avogadro rany be enunciated thus : 



I Equal volumes of AtL substances, when in the 

I STATE OF OAS, AND DNDEE LIKE CONOmONS, CONTAIN THE 

SAME NUHBEB OF MOLECULES {Aiiogodvo, 1811 — Ampere, 
1814). 

The enunciation of this law is very simple, but, be- 
fore we can comprehend its meaning, wo must under- 
Lstand what is meant by the term molecule. This 
L Trord is the one selected by Avogadro in thfe cnuncia- 
^tion of his law. It is ohvioiisly of Latin origin, and 
B fiimply a litde mass of matter. Ampere used in 
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its place the word^article, in precisely the same Bcnee. 
Both words eigniiy the smallest mass into which any 
substance is capable of being subdivided by physical 
processes ; that is, by processes which do not chaijge its 
chemical natui'e. In many of our text-boolts it is defined 
as the smallest mass of any substance which can exist 
by itseh', but both definitions are in essence the same. 

As this is a very important point, it must be fully 
illustrated. In the first place, we recognize in Nature 
a great variety of different substances. Indeed, on 
this fact the whole science of chemistry rests ; for, if 
Nature were made out of a single substance, there 
could be no chemistry, even if tbere could be intel- 
ligences to study science at all. Chemistry deals 
exclusively with the relations of (liferent substances. 
Now, these substaneea present themselves to us under 
three conditions : those of the solid, the liquid, and the 
gas. Some substances are only known in one of these 
conditions, others in only two, while very many may 
be made to assume all three. Charcoal, for example, is 
only known in the solid state ; alcohol has never been 
frozen, but can easily be volatilized ; while, as every 
one knows, water can most readily be changed both 
into solid ice and into aeriform steam. Let me begin 
with this most familiar of all substances to illustrate 
what I mean by the word molecule. 

When, by boiling under the atmospheiic pressure, 
water changes into steam, it expands 1,800 times j or, 
in other words, one cubic inch of water yields one 
cubic foot of steam, nearly. Now, two suppositions 
are possible as modes of explaining this change, 

The first is, that, in expanding, the material of the 
water becomes t^iffused throughout the cubic foot, so 
as to fill the space completely with the substance we 




L call water, the resulting mass of steam being absolutely 
I homogeneous, so that there is no space within the cubic 
|. foot,, however minute, which does not contain its prop- 
I er proportion of water. 

The second is, that the cnbic inch of water consists 
I of a certain number of definite particles, which, in the 
process of boiling, are not subdivided, so that the cubic 
foot of steam contains the same number of the same 
particles as the cubic inch, of water, the conversion of 
the one into the other depending simply on tlio action 
of heat in separating these particles to a greater dis- 
tance. Hence the steam is not absolutely homogene- 
: ous ; for, if we consider spaces sufficiently minute, we 
lean distinguish between such as contain a particle of 
'ater and those which lie between the particles. Now, 
B Bmall masses of water, whose isolation we here as- 
f BQme, are what Avogadro calls molecules, and, follow- 
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ing bis auttority, we ehall designate tliena hereafter ex- 
clnaively by this word. 

Tlie rude diagrams before you will help me to make 
clear tbe diflerence between tbe two suppositionB I 
have made. In tbe first (Fig. 1), we assume that tbe 
material of tbis ciibic inch is uniformly expanded 
tbrougb tbe cubic foot. In tbe otber (Fig. 2), we bave 
in botb volumes a definite number of molecules, tbe 
only difference being tbat these dots, wliicb we have 
used to represent tbe molecules, are more widely separa- 
ted in tbe one case tban in tbe otber. Now, which of 
tlieee suppositions is the more probable ? Let ua sub- 
mit the question to tbe test of experiment. 

We have here a glass globe, provided with the 
eessary mountings — a stop-eock, a pressure-gauge, and 
thermometer — and which we will assume has a capacity 
of one cubic foot. Into this globe we will first pour 
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INTERSPACES IN VAPORS. IJ 

cubic incli of water, and, in order to reduce the condi- 
tions to the simpleat possible, we will connect the 
globe with our air-pump, and exhaust the air, al- 
though, as it will soon appear, this is not necessary for 
the success of our experiment. Exposing, next, the 
globe to the temperature of boiling water, all the 
liquid will evaporate, and we sball have our vessel 
filled with ordinary steam. If, now, that cubic foot of 
space is really packed close with the material we call 
water — if there is no break in the continuity of the 
aqueous mass — we should expect tliat the vapor would 
fill the space, to the exclusion of eve'ry thing else, or, 
at least, would fill it with a certain degree of energy 
which must be overcome before any other vapor could 
be forced in. Now, what is the case ? The stop-cock 
of the globe is so arranged that we can introduce into 
it an additional quantity of any liquid on which we 
desire to experiment, without otherwise opening the 
vessel. If, then, by this means, we add more water, the 
additional quantity thus added will not evaporate, jiro- 
vided that the temperature remains at tbo boiling-point. 
Let ua next, however, add a quantity of alcohol, and 
what do we find ? Why, not only that this immedi- 
ately evaporates, but we find that just aa much alcohol- 
vapor will form as if no steam were present. The 
presence of the steam does not interfere in the least 
degree with the expansion of liquid alcohol into alco- 
hol-vapor. The only difi"erence which we observe is, 
that the alcohol expands more slowly into the aque- 
ous vapor than it would into a vacuum. If, now that 
the globe is filled with aqueous vapor and alcohol- 
vapor at one and the same time, each acting, in all re- 
spects, aa if it occupied the space alone, we add a quan- 
jtity of ether, we sltall have the same phenomena re- 
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peated. The ether will expand and fill the space 
with its vapor, and the globe .will hold just as-moch 
ether-vapor aa if neither of the other two were present ; 
and so we might go on, as far as we kiiow, indefinitely. 
There is not here a chemical uuion between the sev- 
eral vapora, and wc cannot in any sense regard the 
space aa filled with a compound of the three. It con- 
tains all three at the same time, each acting as if it 
were the sole occupant of the space ; and that this is 
the real condition of things we have the most nnqnea- 
tionable evidence. 

Ton know, for example, that a vapor or gas exerts 
ft certain very considerable pressure against the walls 
of the containing vessel. Now, each of these vapors 
exerts its own pressure, and just the same pressure aa 
if it occupied the space alone, so that the total pressure 
is exactly the sum of the three partial pressures. 

Evidently, then, no vapor completely fills the space 
which it occupies, although equally distributed through 
it ; and we can give no satisfactory explanation of the 
phenomena of evaporation except on the assumption 
that each substance is anaggi'egate of particles, or units, 
which, by the action of iieat, become widely separated 
fi'ora each other, leaviug very large intermolecular 
spaces, within which the particles of an almost indefi- 
nite number of other vapors may find place. Past 
now to another class of facta, illustrating the same point, 

The three liquids, water, alcohol, and ether, are ex- 
panded by heat like other forma of matter, but there ia 
a striking circumstance connected with these phenom- 
ena, to which I wish to direct your observation, I have, 
therefore, filled three perfectly similar thermometer- 
bulb tubes, each with one of those liquids. The tubes 
are mounted in a glass cell standing before the con- 
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denser of a magic lantern, and you see their uuttges 
projected on the Bcreeu. Ywu also notice that tho 
liquids (wliieb lia-re been colored to make them vifiible) 
«11 stand at the same height ; and, eiuce both the 
JtiBlbs and tho tubes are of tho same dimensions, the 
Telatfve change in volume of the inclosed liquids will 
be indicated by the rise or fall of the liquid columns in 
the tubes. Wo mil now fill the cell with warm water, 
and notice thfit, as soon as the heat begins to penetrate 
the liquids, the three columns begin to rise, indicating 
an increase of volume ; but notice how unequal is the 
expansion. The ether in the right-hand tube expands 
more than the alcohol in the centre, and that again far 
more than the water on the left. What is true of 
three liquids is true in general of all liquids. 
;ch has its own rate of expansion, and the amount in 
ly case does not appear to depend on any peculiar 
(hyeical state or condition of the liquid, but is con- 
nected with the nature of tho substance, although, in 
what way, we are as yet wholly ignorant. 

But you may ask; What is there remarkable in 
this? Wliy should we not exjiect that the rate of ex- 
pansion would differ with different substaneesJ Cer- 
tainly, there is no reason to be surprised at such a fact. 
But, then, the remarkable circumstance connected with 
this class of phenomena has yet to be stated. 

Raise the temperature of these liquids to a point a 
little above that of boiling water, and we shall convert 
all three substances into vapor. We thus obtain three 
gases, and, on heating these aeriform bodies to a still 
higher temperatiu-e, we shall find that, in this new con- 
dition, they expand far more rapidly than in the liquid 
_^tate. But we shall also find that the influence of the 
tture of the substance on the phenomenon has wholly 
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disappeared, and that, in the aeriform condition, these 
Bubstances, and in general all substances, expand at the 
same rate under like eonditions. 

why, now, this diiference between the two etatea 
of matter 'i If the material fills space as completely in 
the aeriform as it does in the liqnid condition, then we 
cannot conceive why the nature of the Bubstance should 
not have the same influence on the phenomena of ex- 
pansion in both cases. If, however, matter is an ag- 
gregate of definite small masses or molecules, which, 
while comparatively close together in the liquid state, 
become -widely separated when the liquids are con- 
verted into vapor, then it is obvious that the action of 
the particles on each other, which might be consider- 
able in the first state, would become less and less as 
the molecules were separated, until at last it was inap- 
preciable ; and if, further, as Avogadro's law assumes, 
the number of these particles in a given space is the 
same for all gases under the same conditions, then it is 
equally obvious that, there being no action between 
the particles, all vapors may he regarded as aggregates 
of the same number of isolated particles similarly 
placed, and we should expect that the action of heat 
on such similar masses would be the same. 

Thus these phenomena of'heat almost force upon 
us the conviction that the various forms of matter we 
see around us do not completely fill the spaces which 
they appear to occupy, but consist of isolated particles 
separated by comparatively wide intervals. There are 
many other facts which might be cited in support of 
the same conclusion ; and among these two, which are 
more especially worthy of your attention, because they 
aid us in forming some conception of the size of thi 
molecules themselves. 
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If this mnsa of glasa is perfectly homogeneous — if 

le vitreous substance completely fills its allotted space, 

d there is no break whatever in the continuity of 

le material — then yon would expect that its physical 

[j^lations would not depend at all on the size of the 

Wrface affected. Suppose you wished to penetrate it 

with a fine wire. The point of this wire, however 

.'small, would not detect any difl'erenee at different 

lints of the surface. Assume, however, that it con- 

nsts of masses separated by spaces, like, for example, 

ithis sheet of wire netting. Then, although the surface 

would seem perfectly homogeneous to a har large 

enough to cover a number of meshes, it would not be 

found to be by any means homogeneous to a wiro 

which was small enough to penetrate the meshes. If, 

now, there are similar interstices in this mass of glass, 

we ehonld expect that, if our wire were small enough 

(that is, of dimensions corresponding to the interstices), 

it would detect differences in the resistance at different 

points of this glasa surface. 

Make, now, a further supposition. Assume that 
■we have a number of tiiese wires of different sizes, the 
ilargest being twice as stout as the smallest. It is ob- 
vious that, if the interstices we have assumed were, say, 
laeveral thousand times larger than the largest vnre, all 
'the wires would meet with essentially the same oppo- 
flition when thrust at the glass. If, however, the inter- 
were only four or five times larger than the wires, 
then the larger would encounter much greater resist- 
ance from the edges of the meshes than the smaller. 

It ia unnecessary to say that no physical point can 
'•detect an inequality in the surface of a plate of glass, 
Flmt we have, in what we call a beam of light, an agent 
f vhidi does find a passage through its mass. Now, it 
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ia perfectly true that we have no absolute knowledge 
of the nature of a beam of light. "We have a very 
plausible theory that the phenomena of light are the 
effects of waves transmittetl through a highly-elastic 
medium we call ether, and that, in the case of our plate 
of glass, the motion is transmitted through the ether, 
which tills the interstices between the moleculea of this 
transparent solid ; but we have no right to assume this 
theory in our present discussion. 

Indeed, I cannot agree with those who regard the 
wave-theory of light aa oh established principle of 
science. That it is a theory of the very highest value 
I freely admit, and that it has been able to predict the 
phases of miknomi phenomena, which experiment has 
aubsequently brought to light, is a well-known fact. 
All this is true ; but then, on the other side, the theory 
requires a combination of qualities in the etber of space, 
which I find it difficult to believe are actually realized. 
For instance, the rapidity with which wave-motion is 
transmitted depends, other things being equal, on the 
elasticity of the medium. Assuming that two media 
have the same density, their elasticities are proportional 
to the squares of the velocities with which a wave trav- 
els. Tlie velocity of the sound-wave in air is about 
1,100 feet a second or -J- of a mile, that of the light- 
wave about 193,000 miles a second, or about one million 
times greater; aud, if we take into account certain 
causes, which, though they tend to increase the velocity 
of sound, can have no effect on the huniniferous etber. 
the difference would be even greater [ban this. 

Now, were the density of the ether as great as that 
of the atmosphere (say J of a grain to the cubic inch), 
its elasticity or power of resisting pressure would be 
million square, or a million milUon times that of the 
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atmosphere. Bnt, as you well know, the atmosphere 
can resiBt a pressure of about fiiteen pounds to the square 
inch ; hence the ether, when equally dense, would re- 
sist a pressure of fifteen million milUon pounds to the 
square inch, or, making the correction referred to 
above, seventeen million million pounds to the square 
inch. Of course, such numbers convey no impression, 
except that of vast magnitude ; and you will obtain a 
iidearer idea of the power when I tell you that this 
e is about the weight of a cubic mile of granite 
<ck. Hero is a glasa cylinder filled with air, and here 
a piston which just fits it. The area of the piston is . 
about a square inch— we will assume that it is exactly 
that. If we put a weight of fifteen pounds on the top 
of the piston, it will descend just half-way in the tube, 
and the air will be condensed to twice its normal 
density. Now, if we Lad a cylinder and piston, ether- 
tight as this is air-tight, and of sufficient strength, and, 
if we pnt on top of it a cubic mile of granite rock, it 
would only condense the ether to ahout the same den- 
sity as that of the atmosphere at the surface of the 
earth. Of course, the supposition is an absurdity, for 
it is assumed that the ether pervades the densest solids 
as readily as water does a sponge, and could not, there- 
fore, be confined ; but the illustration will give you an 
Idea of the nature of the medium which the undulatory 
theory assumes. It is a medium so thin that the earth, 
moving in its orbit 1,100 miles a miTiute, suffers no per- 
ceptible retardation, and yet endowed with an elasticity 
in proportion to its density a million million times 
greater than air. 

Wliether, however, there aro such things as waves 
of ether or not, there is something concerned in the 
phenomena of light which has definite dimensions, that 
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have been measnred with as much accuracy as the di- 
mensions of astronomy, although they are at the oppo- 
site extreme of the Bcale of magnitude. We represent 
these dimensions to our imagination as wave-lengths, 
that is, as the distances from crest to crest of our as- 
sumed ether-waves, and wo shall lind it difficult to 
think clearly npon the subject without the aid of this 
wave-theory, and every student of physics will bear me 
out in the statement that, though our theory may be a 
phantom of our scientific dreaming, these magnitudes 
must be the dimensions of something. Here they are : 





Dimensions of Lightwaves. 


1 Number of wayesfn 


iDonasMoiuL 


Red 

S.::;: 




89,000 
48,000 


477,000,000,000,000 
606,000,000,000,000 
686,000,000,000,000 
677,000,000,000.000 
G2S,000,000,000,000 
688,000,000,000,000 
603,000,000,000,000 




41,000 
61,000 
B4,(H>0 
67,000 











Tou know that the sensation we call white light is 
a very complex phenomenon, and is produced by rays 
of all colors acting simultaneously on the eye. A very 
pretty experiment will illustrate this point. I have 
projected on the screen the image of a circular disk 
made of sectors of gelatine-paper, variously colored. 
By means of a very simple ajiparatas, I can revolve the 
disk, and thus cause the several colors to succeed each 
other at the same point with great rapidity, and yoti 
notice that the confused eifect of the different colors 
jiroduccB the impression you call white, or, at least, 
nearly that. 

The sunbeam [iroduces the same imjireesion. be- 
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cause it contains all tlieae colored rays ; and, if we pass 
it through a prism, the several rays, being lent un- 
ecLually by the glass, diverge on emerging, so that, if 
we receive the beam thus divided on a screen placed at 
a sufBcient distance, we obtain that magnificent band 
. of blending hues we call the solar spectrum. 
I To each of the colored rays which fall along the 
[ line of the spectrum corresponds a definite wave- 
length. In the diagram", we have given the wave- 
lengths, corresponding to only a few selected points, 
one in each color, and marked in the solar spectrum 
I itself by certain remarkable dark lines by which it 
I is crossed. These values always create a smile with 
I a popular andicuce, which makes it evident that, by 
' those nnfamiliar with the subject, they are looked upon 
as unreal if not absurd. But this is a prejudice. In 
our universe the very small is as real as the very 
great ; and if science in astronomy can measure dis- 
tances so great that this same swift messenger, light, 
traveling 192,000 miles a second, requires years to 
cross them, we need not be surprised that, at the otlier 
end of the scale, it can measure magnitudes like these. 
Let not, then, these numbers impair your confidence 
in our results ; but remember that the microscope re- 
veals a tmiveree with dimensions of the same order of 
magnitude. Moreover, the magnitudes with which we 
are liere dealing are not beyond the limits of mechani- 
cal skill. It is possible to rule lines on a plate of glass 
so close together that the bands of fine lines thus ob- 
' tained cannot be resolved even by the most powerful 
Imicroscopes; and I am informed that the Gei-man opti- 
Ician, Nobert, lias ruled bands containing about 224,000 
Rijines to the inch. He regularly makes plates with 
Ebands consisting of from about 11,000 to 113,000 lines 
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to the inch. These bands are numbered from the Ist 
to the 19th, and are used for microseopic teats. I am 
indebted to our friend Mr. Stodder tor the opportu- 
nity of exhibiting to you a beantilul photograph of the 
19th band, containing over 112,000 hnes to the inch 
(Fig. 3). The photograph was made with one of Tolles's 




s. S.— Nobert'a 19th Band. 
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microscopes, and any microscopist will tell you that to 
resolve this band is a great triumph of art, and that 
you could have no better evidence of the fitill of our 
eminent optician than this pliotograph affords. In 
projecting the image on the screen, some of the sharp- 
ness is lost, but I think the separate lines of the band 
mnat be distinctly visible to all who are not too far off. 
Now, the distance between the lines on the original 
plate is not very different from one-half of the mean 
length of a wave of violet light, or one-third of a wave- 
length of red light ; and, what is still more to the pur- 
pose, these very bands give us the means of measuring 
the dimensioha of the waves of light themselves. Evi- 
dently, then, the dimensions with which we are dealing 
are not only conceivable, but wholly 'within the range 
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of our perceptions, aided as they have been by the ai>- 
pliances of modem science. 

But, to return 1o my argument: these values, if 
they are not wave-lengfche, are real magnitudes, which 
differ from each other in size just as the above measure- 
ments show. Moreover, we have reason to believe that 
' the various color-giving rays differ in nothing elao, and 
. it is certain from aatronomical evidence tliat they all 
pass through the celestial spaces with the same velocity. 
Now, when a beam of light enters a mass of glass, not 
only, do^ its velocity diminish, but, what is more re- 
markflble, the different rays assume at once difl'eront 
velocities, and, according to the well-known principles 
of wave-motion, the unequal bending that roaults is 
the necessary effect of the unequal change in velocity 
which the rays experience. But, if the material of the 
glass were perfectly homogeneous throughout, it is im- 
possible to conceive, either on the wave theory or any 
other theory of light wc have been able to form, how 
a mere difference in size in what we now call the 
luminous waves should determine this unequal velocity 
with the accompanying difference of refrangibility, and 
the fact that such a difference is produced is thought 
by many to be strong evidence that there is not an ab- 
solute continuity in the material ; in fine, that there are 
interstices in the glass, although they are so small that 
it requires the tenuity of a ray of light to detect them. 

Still wo cannot make our conceptions the measure 
of the resources of Nature, and I, therefore, do not 
attach much value to this additional evidence of the 
molecular structure of matter. But the importance of 
these optical phenomena lies in this, that, assuming 
other evidence sufficient, they give us a rough 
of the size of the molecules; For, as is evident 
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from our illustration with the wire mcBhes, the size ot 
tlie molecular spaces cannot be very different from that 
of the waves of light. Our diagram shows that the red 
waves ore only Iialf as long again as the violet, and if 
the molecnlar spaces were, say, either ten thousand 
tinicB larger or ten thousand times smaller than the ' 
mean length, the glass could produce no appreeiahlu 
difference of effect on the different colored rays. We 
are thus led to the result that, if the glass is an aggre- 
gate of molecules, the magnitude of these moleeules'is 
not very different from the mean length of a wave of 
light. Accepting the undulatory theory of light, we 
can submit the question, as Sir William Thompson has 
done, to matheuiatical c^culation ; and the result is that, 
though the effects of dispersion could not be produced 
unless the size of the molecules were far less than that of 
the wave-lengths, yet it is not probable that the size is 



less than s 



iT.ff^.in 



inch. 



Before closing the lecture, allow me to dwell, for a 
few moments, on the second of the two classes of facta 
for which I have already bespoken your attention, since 
tliey confirm the results.we have just reached, in a most 
remarkable manner. Every one has blown soap-bub- 
bles, and is familiar with the gorgeous hues which they 
display. Many of you have doubtless heard that blow- 
ing soap-bubbles may be made more than a pleasant 
pastime, and I will endeavor to show how it can be 
made a philosophical experiment, capable of teaching 
some very wonderful truths. It is almost impossible 
to show the phenomena to which I refer to a lar^ 
audience, and I cannot, therefore, feel any confidence 
in the success of the experiment which I am about to 
try ; but I will Hho>v how you can all mate the experi- 
' Tha meiui dintaDce betnceo the centres of oontiguouB moIeouluB. 
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IIueTit for yourselves. And, first, I must tell you how 
to prepare the soap-suds. 
Procure a quart-bottle of clear glass and some of tlie 
best white castile-eoap (or, still better, pure palm-oil 
Soap), Cnt the soap (about four ounces) into thin shav- 
I ingB, and, having pat them into the bottle, till this up 

with distOled or rain-water, and shake it well together. 
Repeat the shaking until you get a saturated solution 
of soap. If, on standing, the solution settles perfectly 
clear, yon are prepared for the next step ; if not, pour 
off the liquid and add more water to the same shav- 
ings, shaking as before. The second trial will hardly 
fail to give you a clear solution. Then add to two 
volumes of soap-solution one volume of jiure, con- 

Pcentrated glycerine. 
Those who are near can see what grand soap-bubbles 
we can blow with this preparation. The magniticent 
colors which are seen playing on this thin film of water 
are caused by what we call the interference of light. The 
I color at any one point depends on the thickness of the 

^^^K film, and by varying the conditions we can show that 
^^^■'this ie the case, and make these effects of color mure 
^^^P regular. For this purpose I will pour a little of the 
Boap-fiolution into a shallow dish, and dip into it the 
open mouth of a common tumbler. By gently raising 
the tumbler it is ejsy to bring away a thin lilm of 
the liquid covering the mouth of the glass. You can 
all easily make the experiment, and study at your lei- 
Bure the beautiful phenomena which this film presents. 
To exhibit them to a large audience is more difficult, 
but I hope to succeed by placing the tuuibler before 
the lantern in such a position that the beam of light 
II be reflected by the film upon the screen, and then, 
1 interposing a lens, we have at once a distinct image 
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of the flbn. Success now depends on our Iteeping ' 
perfectly still, as tbe sliglitest Jar would be eufficieiit 
to break this wonderfully delicate liquid membrane.* 
Seel tbe same brilliant hues wliich give to the soap- 
bubble ita beauty are beginniug to appear on our film, 
but notice that they appear in regular bands, crossing 
tbe film burizontally. As I have already stated, the 
color at any point depends on the tbiekness of the- 
film, and, as it ia here held in a vertical position, it ii 
evident that the effect of gravity must be to stretch 
the liquid membrane, constantly tliianing it out, be- 
ginning from the upper end — wiiich, however, it must 
be remembered, appears on the screen at the lower end, 
since the lens inverts the image — and notice that, as 
the film becomes thinner and thinner, these bands 
of color which correspond to a definite thickness move 
downward, and are succeeded by others corresponding 
to a thinner condition of tbe film, which give place 
to still others in their tum. These coloi-s are not 
pure colors, but the effect is produced by tbe over- 
lapping of very many colored bands, and, in order to 
r^uee the conditions to the simplest possible, we must 
use pure colored light — monochromatic light, as we 
eall it. Such a light can be produced by placing a 
plate of red glass (colored by copper) in front of the 
^_ lantern. At once all the particolors vanish and we 

I have merely alternate red and dark bands. "Watch, 
now, the bands as they chase each other, as it were, 
over the film, and notice that already new bands cease 
io appear, and that a uniform light tint has spread over 
the upper half (lower in the image) of the surface. 
Now comes tbe critical point of our experiment. If 
the film is in the right condition so that it can be 
stretched to a sufficient degree of tenuity, this light . 
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tint will bo eucceedcd by a gray tint, .... and there 
it appears in irregular patcliee at tbe upper border. But 

1*^ an instant uU haa vanislied, tor the filin lias broken, 
it always breaks, soon after tLc gj'Sj tint appears. 
■ 




^_^attE 



Having now seen the phenomena, you will be bet- 
ter prepared to appreciate the Btrengtli of the ar- 
gument to which I now have to ask your careful 
attention. You know that the red and dark bands 
in in the last experiment, when we used tbe red 
jlass, are caused by tbe interference of the rays of 
light, which are reflected from the opposite surfaces 
of the film. It 18 evident that the path of the rays re- 
flected fi'oni the back surface must be longer than that 
of those reflected from tbe front surface by just ttvice 
the thickness of this film of water; and, as Prof, 
Tjndall has so beautifully shown you in the course of 
lectures Just finished, whenever this difference of path 
brings tbe crests of tbe waves of one set of rays over 
tbe troughs of the second set, we obtain this won- 
l^erful result — that the union of the two beams of light 
luceB darkness. It would, at first sight, seem that 
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6iicb a result must bo produced in the case of our 
film whenever its thicknees is equal to i, J, ^, J, or any 
odd number of t'ourtlis of the length of a wave of red 
light, and this would be the case were it not for the 
circumstance that, in conaequeuce of certain mechani- 
cal conditions, the rajs of light reflected from the back 
of the tilni lose one-half of a wave-length in the very 
act of reilection. But, without entering into details, 
which have been so recently and bo beautifidly illus- 
trated in this place, let me call your attention to thia 
diagram, which tells the whole Etory : 



Gray film 

Light aim 

Firat ditrk bund.. . . 
First light hand . . . . 
SscDiid duik liand.. . 
Second light band.. 
Third dark band. . . 
Third light band . . . 
Fourth darit baud.. 
Fourth light band.. 




Tou thus see that the theory of light enables us to 
measure the thickness of the film, and we know that 
where that gray tint appeared in our experiment the 
thickness of the film was less thau ^ of the length of 
a wave of red light, or less than jya'.TnrT o^ ^^ inch, and 
no wonder that the film broke when it reached such a 
degree of touiiity as that. 

But, having followed me thus far, and being assnred, 
aslhopeyouare, that we are on safe ground, and talking ' 
abont' what we do know, your curiosity will lead yon 
to inquire whether we can stretch the film any farther. 

The facts are that, after the appearance of the gray 
tint, although the film evidently stretches to a limited 
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extent, it very soon breaks. Practically, tlieo, wc can- 
not stretcii it bej'Xiud this point to nay great extent ; 
but why not '; Tbcoretifally, ii' the material of water 
is perfectly homogeneous, there would seem to be no 
in why it should not be capable of an in- 
definite extension, and why this film could not be 
Btretched to an indefinite degree of attenuation, As- 
however, that water consists of molecules of a 
definite size, then it is evident that a limit would bo 
reached as soon as the thickness of the film was re- 
duced to the diameter of a single molecule. Obvi- 
ously we could not stretch the film beyond this with- 
out increasing the distance between the molecules, and 
thus increasing the total volume of the water. Now, 
there is evidence that, when the gray tint appears, 
we are approaching a limit of this sort. It is hardly 
necessary to say that we cannot separate, to any con- 
siderable extent, the molecules of water from each 
other—that is, increase the distance between tliem— 
without changing tlie liquid into a gas, or, in other 
words, converting the water into steam, and the only 
way in which we can produce this effect is by the 
application of heat. The force refiuired is enormous, 
but the force exerted by heat is adequate to the work, 
and it is one of the triumphs of om' modem science 
;that we have been able to measure this force, and re- 
iuce it to our mechanical standard. In order to pull 
Ipart the molecules of a pound of water, that is, con- 
ert it into eteam, we nmst exert a mechanical power 
■hich is the equivalent of 822,(ju0 foot-ptjunds, th:it 
a power which would raise nearly four tons to the 
light of one hundred feet, and, as we can readily esti- 
mate the weight of say one square-inch of our film, wo 
know the force which would be required to pull apart 
the molecules of which it consists. 
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Again, on tlie otlier hant], singular as it may seem, 
we have been able to ccdculute the f'oreo wljidi is ro- 
<^iib-e(l to Btretcli the lilm of water. TIiIb calculation is 
based on the tbeory of capillary action, of wLieli tbe 
soap-bubble is an* example. Moreover, to a certain 
limit, we are able to measure experimentally the force 
required to stretch the film, and we find that, as far aa 
our experiments go, the theory and the experimenta 
agree. Out experimenta necessarily stop long before 
we reach the limit of the gray film ; but our theory ia 
not thus limited, and we can readily calculate Low 
great a force would be required to stretch the film 
until the thicknesB was reduced to the jtj-5_t|-J5--|j-5^ of an 
inch ; that is, the 3.0V5 of the thickness of the lightiilm, 
or the TB.'iTnt of a wave-length. Now, the force required 
to- do this work is as great as that required to pull 
apart the molecules of the water and convert the liquid 
into vapor. It is therefore ]>robable that, before such a 
degree of tenuity can be attained, a point would bo 
reached where the film had the thickness of a single 
molecule, and that, in stretching it further, we should 
not reduce its thickness, but merely draw the moleenlea 
apart, and, thus overcoming the cohesion which deter- 
mines its liquid condition, and gives strength to the 
film, convert the liquid into a g 

There are many other physical phenomena which 
point to a similar limit, and, unless there is some fal- 
lacy in our reasoning, this limit would be reached at 



about the 
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of an inch. Mortiover, it is wor- 



thy of notice that all these phenomena point to very 
nearly the same limit. I have great pleasure in refer- 
ring you, in this connection, to a very remarkable pa- 
per of Sir William Thompson, of Glasgow, on this sub- 
ject, which, appearing first in the English scientific 
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Iweiikly called Nature, was reprinted in SiUimmi^s- 
JmivTial of July, 1870. He fixes the Itmita at between 
^^^ JTnF.TT^.mnr ""d the T.Tr na.Jao . oi i o of >"i inch, and, in 
order to give some conception of the degree of coarse- 
grainedness (aa lie calls it) thus indicated by the struct- 
ure, he adds that, if we conceive a sphere of water aa 
large aa a pea to be magnified to the size of the earth, 
eaeh molecule being magnified to the same extent, the 
magnified structure would bo coarser-grained than a 
heap of email lead shot, but less coai-se-grained than a 
heap of cricket-balls. 
These considerations will, I hope, help to show yon 
how definite the idea of the molecule has become in the 
mind of the physicist. It is no longer a metaphyaical 
abstraction, but a reality, about which he reasons as 
confidently and assucceBsfully as he does about the plan- 
ets. He no longer connects with this term the ideas 
of infinite hardness, absolute rigidity, and other in- 
credible assumptions, which have brought the idea of a 
limited divisibility into disrepute. His molecules are 
^^H^ definite masses of matter, exceedingly small, but still 
^^^V not immeasurable, and they are the points of applica- 
^^H tion to which he traces the action of the forces with 
^^H which he has to deal. These molecules are to the physi- 
^^^1 cist real magnitudes, which arc no further reinoved 
^^^P from our ordinary esjiericnce on the one side, than are 
j^^^ the magnitudes of astronomy on the other. In regard 
to their properties and relations, we have certain defi- 
nite knowledge, and there we rest mitil more knowledge 
is reached. The old metaphysical question in regard to 
the infinite divisibility of matter, which was such a sub ■ 

kjeet of controversy in the last century, has nothing to do 
with the present conception. Were we small enough 
to be able to grasp the molecules, we might be able to 
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Split them, and so, were we large enough, wc might be 
able to urack tbo earth ; but we have uiade sufficient 
advance since the days of the old controversy to know 
that questions of tliis sort, in the present state of knowl- 
edge, are both irrelevant and absurd. The molecules 
are to tlio physicist dehuitc imitB, in the same sense 
that the planets are units to the astronomer. The ge- 
ologist tears the earth to pieces, and so does the chem- 
ist deal with the molecules, but to the astronomer the 
earth is a unit, and so is the molecule to the physicist. 
The word molecule, which means simply a small mass 
of matter, expresses our modern conception far better 
than the old word atom, which is derived from tlio 
Greek a, privative, and Tefivo), and means, therefore, in- 
divisible. In the paper just referred to. Sir W. Thomp- 
son used the word atom in the sense of molecule, and 
this must be borne in mind in reading his article. We 
shall give to the word atom an utterly different signifi- 
cation, which we must be careful not to confound with 
tluit of molecnle. In our modem chemistry, the two 
terms stand for wholly different ideas, and, as we shall 
see, the atom is the unit of the chemist in the same 
sense that the molecule is the unit of the physicist. 
But we will not anticipate. It is sufficient for the pres- 
ent if we have gained a clear conception of what the 
word molecule means, and I have dwelt thus at length 
on the definition because I am anxious to give yon the 
same clear conviction of their existence which I have 
myself. As I have said before, they are to me just as 
much real magnitudes as the planets, or, to use the 
words of Thompson, " pieces of matter of measurable 
dimonsions, with shape, motion, and laws of action, in- 
telligible aubjecta of scientific iuvesti^tion." ' 

' Sec Lecture on Molttulcb, bj PrcC MaiiHill, Nature, Sept Sfi, 1873. 
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Ik my first lecture I endeavored to give you some 
conception of the meaning of the word molecule, and tliis 
meaning I illustrated by a number of plienomeua, whicli 
not only indicate that molecules are real magnitudes, 
but wliicli also give us some idea of their absolute size. 

Avogadro's law declares that all gases contaiii, un- 
der like conditions of temperature and pressure, the 
same number of molecules in the same volume ; and, 
if wo can rely on the calculations of Tliompson, which 
are based on the well-known theorem of molecular me- 
chanics deduced by Clausius, this number is about one 
himdred thousand million million million, or lO** to a 
cubic inch. Of course, as the volume of agiven quan- 
tity of gas varies with its temperature and pressure, the 
number of molecules contained in a given volume must 
vary in the same way; and the above calculation is 
Ixtscd on the assumption that the tenijtorature is at the 
freezing-point, and the pressure of the air, as indicated 
by the barometer, thirty inches. The law only holds, 
moreover, when the substances are in the condition of 
perfect gases. It does not apply to solids or liquids, 
and not even to that half-way state between liquids and 
gases which Dr. Andrews has recently so admirably 
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(lefijieil. lu the Btatb of perfect gas, it is asBumcd that 
ibe uiolecules are bo widely sepamted that they exert 
uo actiuu upon each other, but the moment the gas is 
so for condensed that tho molecules are brought within 
the sphere of their mutual attraction, then, although the 
KtJriform state is still retained, we no longer find that 
the law rigidly holds ; and 
when, by the condensation, 
the state of the substance is 
changed to that of a liquid 
or a solid, all traces of the 
law disappear. In order 
that you may gain a clear 
conception of this relation, 
I shall ask your attention in 
this lecture to the explana- 
tion which our molecular 
theory gives of the ebar- 
tcristic properties of the 
tliree conditions of matter, 
Ihe gas, the liquid, and the 
solid. We begin with the 
gas, becauBO its mechanical 
condition is, theoretically at 
lojist, by far the simplest of 
the three, 

Every one of my audi- 
ence must be familiar with 
the fact that every gas is in 
a state of constant teuBion, 
tending to expand indefi- 

Fia. 6.-Barcmeto. nitcly IDto SpacO. In tllO 

e of our atmosphere, this tension is bo great that the 
at the level of the aea exerts a pressure of between 
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^^^H fourteen and fifteen pounds on every square inch of 
^^^H eurface — aboat a ton on a gquure foot. 
^^^1 It is this pressure which sustains tlie column of 
^^H inereury In the tube of a barometer (Fig, 5); and since, 
^^H 1)j the laws of hydrostatics, tlic height of this column 
^^^ of mercury depends on the pressure of the air, rising 
and falling in the same proportion as the pressure in- 
creases or dirainishes, we use the barometer as a moas- 
I lire ofthe pressure, and, instead of estimating its amount 
as so many pounds to the square inch, we more fre- 
quently describe it by the height in inches (or centi- 
metres) of the mercury -column, which it is capable of 
.sustaining in the tube of a barometer. The teutjion of 
the air is balanced by the force of gravitation, in con- 
sequence of which the lower stratum of tlie air in which 
we live is pressed upon hy the whole weight of the su- 
perincumbent mags. Tbo moment, however, the ex- 
ternal pressure is relieved, the peculiar mechanical con- 
dition of the gas becomes evident. 
• Hanging under this large glass receiver is a small 
rubber bag (a common toy balloon), partially dis- 
tended with air (Fig. 6). The air confined within the 
bag is exerting the great tension of which I have spo- 
^^H^ ien, but the mass remains quiescent, because this ten- 
^^B aion is exactly balanced by the pressure of the atmos- 
^^V phere on the exterior surface of the bag. Ton see, how- 
1^^^ ever, that, as we remove, by means of this air-pump, 
the air from the receiver, and thus relieve the external 
I pressure, the bag slowly expands, until it almost com- 

1 pletely fills the bell. There can, then, be no doubt that 
ttbere exists within this mass of gas a great amount of 
Kenergy, and since this energy exactly balances the at- 
Imospheric pressure, it must be equal to that pressure. 
But I wish to show you more than this, for not only 
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IB ittruetliattUebagespandfl as the pressure is relieved, 
but it is also true tbat tlie gas in tbe bag expiiiids in 
exactly tlie game pro|xirtiuu us tbe external pressui'e 




Fig. S.— EipuniUDg Bog tmia Air-pump. 

diminishes. In order to prove this, I will now place 
under this same glass one of those small gasometers, 
wbicli are used by the itinerant showmen in our streets 
for measuring what they call the volume of tbe lunge, 
while nnder this tall bell at the side I have arranged a 
barometer-tube for measuring the external pressure. 
The two receivers are connected together by rubber 
hose, so as to form essentially one vessel, and both are 
connected with the air-pump. 

We will begin by blowing air into the gasometer 
until the scale marks 100 cubic inches, and, noticing 
after adjusting the apparatus that the barometer stands 
at 30 inches, we will now proceed to exhaust the air, at 
the same time carefully watching the barometer. 
It has now fallen to 15 inches; that is, the pressure on 



J 




I 1 

I 



LAW OF MABIOTTE. 4J 

the outside of the gasometer liaB been reduced to one- 
iialf, aud the eeale of the instrument shows me that the 
volume of the air in the interior haa becomu 20u cubic 
inches; that is, has doubled. But let us continue the 
exhaustion. . . . The barometer now marks 10 iuehcB, 
showing that the pressure has been reduced to one- 
third. The gasometer now eoutains 300 cubic inches 
of gas. The volume, then, has trebled, . . . Pushing 
the experiment still further, we have now the barome- 
ter standing at "i inches, and the scale of the gasome- 
ter shows that tlie volume of the inclosed air has be- 
come 400 cubic inches. The pressure has been reduced 
to one-fourth, and the volume of the air has (juadrupled ; 
and so we might go on. . . . Let, now, the atmosphere 
reenter the apparatus, and at once the air in the gas- 
.ometer shrinks to its original volume, while the barome- 
ter goes back to 30 inches. 

We might next take a conden sing-pump, and, ar- 
ranging our apparatus so as to resist the ever-increasing 
pressure, as the air was forced into the receivers, we 
sbould find that, when the barometer marked 60 inches, 
the scale of the gasometer would show 50 cubic inches, 
and that, when the mereorj column had risen to 120 
inches, the air in the gasometer would have shrunk to 
jSS cubic inches ; and so on. There are, however, ob- 
vious mecbanical difBculties, which make this pbase of 
the experiment unsuitable for a large lecture-room, and 
what we have seen is sufficient to illustrate the general 
principle which I wished to entbrce. The principle, 
a few wonls, is this : 

2%e voi,nme of a confined mass of gas is inversely pro- 
paiikmcA to the pressure to which it is exposed : the 
smaller the pressure the larger the voluTne, and Hie 
ffreaier the pressure tJio less the volume. 
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TMs principle holds true not only with air, bnt 1 
also with evcjry kind of aiiriform matter. If, instead 
of using that mixture of oxygen and nitrogen we call 
air, we had intToducc<l into the gasometer 100 cabic 
inches of pure oxygen or of pare nitrogen, or of any I 
other true gas, we should have obtained precisely the | 
same eifect. Tbc results of the experiment are not in | 
the least degree influiiiicod by the nature of the gas ■ 
employed ; and, assuming that we start with the same I 
gas-volnmea, the resulting volumes are the same at each 
stage of the experiment. In every ease the volume 
varies inversely as the pressure. The principle thus 
developed is one of the most important laws of physieal 
science. It was discovered by the chemist Boyle in 
England in 1662, and veriiied by the Abbi5 Marietta 
in France somewhat later, and is by some called the 
law of Mariotte, and by others the law of Boyle. 

This law of Mariotte or Boyle is most closely related 
to the law of Avogadro. The one law is found to hold 
just as Ikr as the other, and any deviation from the 
one ifl accompanied by a corresponding deviation from 
the other. So close, indeed, is the connection, that we 
cannot resist the conviction that the two laws are 
merely different phases of one and the same condition 
of matter ; and our molecular theory explains this con- 
nection in the following way: 

The molecules of a body are not isolated masses in 
a fixed position, all at rest, but, like the planets, they 
are in constant motion. In a gas this motion is sup- 
posed to take place in straight lines, the molecules 
hurrying to and fro across the containing vessel, strik- 
ing against its walls, or else encountering their neigh- 
bors, rebounding and continuing on their course in a 
. new direction, according to the well-known laws which 
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vern the impact of elastic bodies. 0f course, in such 
I, all the molecules ure not moving with the 
'-Banne velocity at tho same time ; but tliey have a cer- 
tain mean velocity, which determines what we call tho 
temperature of the body, and the higher the tempera- 
ture the greater is this mean velocity ; moreover, the 
mean velocity of the molecules of each substanee is 
always the same at the same temperature. It varies, 
however, for different substances, and, for any given 
temperature, the leas the density of the gas the greater 
is this velocity, although, as we shall hereafter see, the 
'elocities of the molecules of two different gases arc 
iely proportional, not simply to their densities, 
lut to the square roots of these quantities. "Wo are 
able to calculate for each gas at least approximately 
what this velocity must be for any temperature, and, in 
the case of hydrogen gas, the value at the temperature 
of freezing water is about 6,097 feet per second. Tho 
internal energy, therefore, in a pound of hydrogen gas 
at the freezing-point is as great as that of a pound-ball 
moving 6,097 feet per second, and the energy in an 
eqnal volume (a little over 6.6 cubic yards when the 
barometer is at 30 inches) of any other true gas is 
equally great under the same conditions; a greater 
molecular weight compensating in every caao for a less 
molecular velocity. Let us now bring together the 
two remarkable results already reached in this lecture. 
One cubic inch of every gas, to/ten the barometer 
ma/fka 80 inehes, and the thermometer 32° Fah/r,, coji- 
lins HP molecules. 

Mean vdoeity of hydrogen molecules, vmder same 

^,0^1 feet per second. 
It is evident, then, that every mass of gas must 
intain a large amonnt of internal energy, and this 
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energy is made manifest in many ■ways, especially 
ill what we call the permanent tension of the gas. 
Every aortace in contact with a mass of gas is be- 
ing constantly bombarded by the molecnles, and hence 
the great pressiii-e which results. Now, it can easily 
be seen that, if the volume of the gas is diminished — 
that is, if the same nnmher of molecules are crowded 
into a less space — they will strike more frequently 
against a given surface, and therefore exert a greater 
pressure. Moreover, it can readily be proved, although 
the mathematical demonstration would he out of 
place in a popular lecture, that the pressure must be 
inversely as the volume ; in other words, that the law 
of Mariotte is the necessary result of the molecular 
condition wo have described. 

Another eifect of moleenlar motion is that condi- 
tion of matter which the word temperature, just used, 
denotes. There are few" scientific terms more difficult 
to define than this common word temperature. In 
ordinary language we apply the terms hot or cold to 
other bodies according as they are in a condition to 
impart heat to, or abstract it from, our own, and the 
various degrees of hot or cold are what we call, in gen- 
eral, temperature. Tvfo bodies have the same temper- 
ature if, when placed together, neither of them gives or 
loses heat; and, when, under the same conditions, one 
body loses while the other gains heat, that body whicli 
gives out heat is said to have the higher temperature. 

Increased temperature tested iu this way is found 
to be accompanied by an increase of volume, and we 
employ this change of volume as the measnre of tem- 
perature. This is the simple principle of a thermome- 
ter. The essential part of this instrument is a glass 
bulb, connected with a iine tube, and filled with mer- 
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Iji to a variable point in the stem. The least change 
1 the volume of the mercury is indicated by the rise 
lof the column in the tube. Primarily, the thermome- 
ter is a very delicate measure of the change of volume 
«f the inclosed liquid ; secondarily, it becomes a meas- 
ure of temperature. You know how the thermometer 
is graduated. We plunge it into a mass of melting ice 
and mark the point to which the mercury falls, and 
then we immerse it in free steam, and mark the 
point to which the column rises. We uow divide the 
distance between these fixed points into an arbitrary 
nnmber of equal spaces, and continue the divisions of 
the same size above and below our two standard points. 
In our common Fahrenheit scale this distance is di- 
vided into 180 parts, the freezing-point is marked 32°, 
and the boiling, of conrse, 212° ; the zero of this scale be- 
ing placed at the thirty-second division below the freez- 
ing-point, "In our laboratories we generally use a scale 
in which this distance is divided into 100 parts, and 
the freezing-point marked 0°, the divisions below freez- 
ing being distinguished with a minus-sign. All this, 
[ however, is purely arbitrary, and the instrument mere- 
' ly gives us the means of comparing temperatures. 
Here, for example, are two bodies. We apply the 
thermometer first to one and then to the other. It 
rises in each case to 50°. The only information we 
have obtained is, that both bodies are at the same tem- 
perature corresponding to a certain volume of the mer- 
cury in our tliermoraeter, a temperature which we have 
^agreed to call 50° ; and we can predict that, if the two 
iiea are brought together, no heat will pass from one 
) other. We now apply the thermometer to a 
i body, and it rises to 100°. We thus learn, 
BTnrtber, that the third body ia at a higher temperature 
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than the other two, and in a condition to tranefet to | 
them a part of its heat. We cannot, however, say 

that its temperature is twice as high, or that it has any * 
definite relation to that of the other two bodies. 

There is, however, a theoretical way of measarii^ 
temperature, which appears to lead to something more 
than a mere arbitrary comparieon. Let us assume that 
we have a cylindrical tube, closed below, btit open 
above (Fig. 7). Let ua further assume that the air 



in the tube is confined by a piston, which has no 
weight, anil moves without friction. As the tempera- - 
tiire rises or falls, of course our assumed piston would 
rise or fall in the tube, following the expanding or con- 
tracting of the confined air. Let us mark the point to 
which the piston falls at the temiierature of freezing . 
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water, 0°, and the point to -whieli it risea at the 
temperature of boiling water, 100°. Lastiy, let iis 
divide the distance between these two points, as in a 
centigrade thermometer, into one hundred equal parts, 
and continue the divisionB of the same size above 100° 
and below 0°. We Bhall find that we can make almost 
ixactly 273 such divisions before reaching the closed 
ittom of our tube. Transfer, now, the zero gf our 
scale to this lowest point or bottom of our tube, bo 
that our old zero, or freezing-point of water, will be 
at 273° of the new scale, and the boiling-point of 
water at 373°. 

We shall then have what is probably very nearly 
an absolute scale of temperature, such a one that wo 
can say, for example, that the temperature at 500° is 
twice as great as that at 250°. Moreover, this is a 
scale such that the volume of any gas, under the sumo 
pressure, ia exactly proportional to the temperature : 
for example, the volume of a given mass of air at C00° 
is twice as great as the volume at 300°. That this 
must be the case ibr air is evident from tlie construc- 
tion of our theoretical thoi'mometor ; and it is equally 
true of any other perfect gas, for there would be no dif- 
ference in effect whatever if the tube were filled with 
hydrogen, oxygen, or nitrogen, instead of air. It is 
very easy to refer degrees of our ordinary thermometer 
to degrees of this absolute scale. If the degrees arc 
centigrade, we have merely to add 273 ; if they arc 
Fahrenheit, we must add 459 (see Fig. 7, bis) ; and, for 
many purposes, it is exceedingly convenient to measure 
temperature in this way. Suppose, for example, we have 
100 cubic inches of gas, at 4° centigrade, and we wish to 
know what would he its vohmae at 381°. Converting 
these values into absolute degrees by adding 273, we 
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obtain 277° and 554°. Then, since the volume of a gas 
is exactly proportional to tlie absolute temperature 
have 277 : 554 = 100 : answer, 2U0 cubic inches. But 
the chief value of this method of measuring temperature 
is to be found in the simplicity with which it presents 
to us the property of gases we have been studying. The 
volume of a gas depends solely on two conditions : its 
pressure and its absolute temperature. As I be" 
showed, it is inversely proportional to the pressure, 
and it now appears that it is directly proportional to 
the absolute temperature. We must then qualify the 
law of Mariotte by a second principle, equally funda- 
mental and important : 

77i« volume of a given mass of gas, under a constant 
pressure, varies directly as the absolute temperature. 

This we call the law of Charles, 

The molecular theory of gases explains the law of 
Charles very much in the same way as it explained 
tlie law of Mariotte. The pressure of a gas, as we have 
seen, is due to its molecular energy. If, by any means, 
we increase that energy, we must also increase the 
pressure in the same proportion ; or, if the gas is free 
to expand under a constant pressure, we must increase 
the volume. In other words, the effect of increased 
energy must be the same a^ the effect which we know 
follows increased temperature. What more natural 
than to infer that the unknown condition, to which 
we ha^e given the name of temperature, is simply 
molecular energy? Here, tlien, is our theoretical ex- 
planation of the law of Charles. The temperature of 
a body is the moving power of its molecules. At the 
0° of om- absolute scale the molecules would be re- 
duced to a state of rest, and, at other temperatures, the 
molecular energy is directly proportional to the de- 
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tgreee of this scale ; so that, for example, the molecules 
I of air, at 273° (the 0° of centigrade), have only one- 
rhalt'of the energy which the same molecules poesesa 
F-when the temperature is raised to 546". As the press- 
l-Tire exerted by the air must be proportional to the 
I molecular energy, the increased temperature will, ii' 
[ the air is confined, double this pressure, or, if the air 
[ is free to expand under the constant pressure of the 
I atmosphere, it will double tlie volume. 

It would lead me too far to attempt to develop here 
at any greater length the dynamical theory of heat, 
and I regret that I am not able to do more tlian to give 
this bare outline of the remarkable propertie# of gases, 
which it so beautifully explains ; but I take great j>Ieas- 

Inre in referring all who are interested in the snbject 
to the very excellent work of Prof. Clerk Maxwell 
on the theory of heat. It is not a popular work, or 
one which is easy reading, but it contains a most ele- 
gant exposition of the modem theory of heat, in as 
simple a, form as is consistent with accuracy and con- 
'dseness. 
There is only one other point, in connection with 
the molecnlar theory of gases, to which it is important 
for me to refer in these lectures. We 'have seen that 
all gases have two essential characteristics : 1. Their 
volnme is inversely proportional to the pressure to which 
*hey are, exposed; and, 9. Their volume is directly 
proportional- to the absolute temperature. Now, if we 
assume the molecular theory of gases as tnie, it can 
be proved, mathematically, that all gases at the same 
temperature and pressure must have the same nimiber 
^^^ of molecules in tlie same volume. I do not give the 
^^^ft proof, because it would be out of place here, and be- 
^^^B.eaaBe all who are interested will find it in the work of 
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Prof. Maxwell, to which I have referred. It would !»■ 
more siitistactorj to enter into details, but I shall have 
accomplished the first object of this lecture if I have 
been able to leave with you a clear idea of the three 
laws which may be said tu define the aeriform condition 
of matter, and which all true gases obey — 

The r>AW OF MAlilOTTE, 

The I^w of Ctiakleb, 
The Law of Avogadbo. 

The first two are independent of any theory, and 
Bimply declare that the volume of every gas varies' in- 
versely * the preesurc, and directly as the ahsolnte 
temperature. The third is based on the molecular 
theory. It is more general, and includes the o'ther two. 
It declares that equal volumes of all gases, under the 
eamo conditions of temperature and pressure, contain 
the same number of molecules. 

Liquids are distinguished from gases chiefly in hav- 
ing a definite surface. Their particles have the same 
freedom of motion, but this motion is limited to the 
mass of the liquid. The particles of the air, if uncon- 
fined, would move ofi" indefinitely into space ; but the 
particles of this water, although moving with equal 
freedom within the liquid mass, cannot, as a rule, rise 
above what we call the surface of the water. Again, if 
we introduce a quantity of air, however small, into * 
vacuous vessel, it will instantly expand until it com- 
pletely fills the vessel. A quantity of water, under the 
same conditions, will fall to the bottom of the vessel, 
and will be separated by a distinct surface from the 
vapor which forms above it. Lastly, if a gas is sub- 
jected to pressure, it ia compressed in the exact pro- 
portion to the pressure, while with a liqiud the com- 
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preBBion is barelj perceptible, even when the prees- 
nre is exceedingly great. Hence, gaacB arc frequently 

called compressible and liquids ineoin]>rcssibIc fluids, 

The explanation which the molecular theory gives 
of thiB difference of relations is very simple. In the 
gas the molecules are separated beyond the sphere of 
each other's influence, and move through space wholly 
free from the effects of the mutual attraction. In a 
liquid, on the other hand, this attraction, which wc call 
cohesion, is very sensible, and restrains the individual 
molecules within the mass, although they are free to 
move among themselves. Ton can easily understand, 
by referring again to the diagram (Fig. 2, on page 16), 
how this attractive force would act, 

A molecule, in the midst of the mass, moves freely, 
because the attractions are equal in all directions, but 
a molecule near the surface is in a very different con- 
dition. As it approaches the surface, the attraction 
toward the mass of the liquid becomes greater than the 
attraction toward the surface, and when it reaches the 
surface the whole force of the inward attraction is pulling 
it back, and, unless the moving power of the molecule 
is BufKciently great to overcome this force, its motion 
is an-ested, and it turns back on its course. It may 
happen, however, especially when heat is entering the 
liquid, that some of the molecules, through the effects 
of their mutual colHsions, acquire sufficient enoi-gy to 
fly off" from the liquid mass, and hence result the well- 
kuown phenomena of evaporation. Thus onr theory 
defines the liquid condition of matter, and explains how 
the liquid is converted by heat into the gas. 

In all theoretical discussions, it is always highly sat- 
ufactory when, in following out our theoretical concep- 
' ions to their consequences, we find that these conse- 
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queDces are aetnally realised in natural phenomend, 
and Buch satisfaetion we can have in tLe presL-ut case. 
Consider what muet lie the form which a mass ol" liquid 
molecules isolated in space would necessarilj.- take. Re- 
member that these molecules are moving with perfect 
freedom within the hodj", but that the extent of the 
motion of each molecule is limited by the attraction of 
the mass of the liquid. Eemember also that, accord- 
ing to the well-known principles of mechanics, this at- 
traction may be regarded as proceeding from a single 
point, called the centre of gravity. Eemember, fur- 
ther, that the molecules have all the same moving 
power, and you will see that the extreme limits of their 
excursions to and fro through the liquid mass must' be 
on aU sides at the same distance from the central point. 
Ilouce the bounding surface will be that whose points 
are all equally distant from the centre. I need not tell 
you that such a surface is a sphere, nor that a mass of 
liquid in space always assumes a spherical form. The 
rain-drops have taught every one this truth. Still, a 
less familiar illustration may help to enforce it. I have 
therefore prepared a mixture of alcohol-and-water, of 
the same specific gravity as olive-oil, 'and in it I have 
suspended a few drops of the oil. By placing the liquid 
in a cell, between parallel plates of glass, I can readily 
project an image of the drops on the screen, and I wish 
you to notice how perfectly spherical they are. And I 
would have you, moreover, by the aid of your imagina- 
tion", look within this external form, and picture to 
youi-selves the molecules of oil moving to and fro 
tlu-ough the drops, but always slackening their motion 
where they approach the surface, and on every side 
coming to rest and turning back at the same distance 
from the centre of motion. 
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Neither liquids nor gsBes preBent tlio lesBt trace of 
icture. They cannot even support tUcir own weight, 
[i^iich less Bustain any longitudinal or shearing stress. 
solid, on the other hand, has both tenacity and struct- 
and resists, with greater or less energy, any force 
tending to alter its form, as well as change its volume. 
The tenacity and peculiar forms of elasticity which 
solids exhibit are characteristics wliich are familiar to 
every one, Ijut the evidences of structure are not so 
conspicuous. The structure of solids is most frequently- 
manifested by their crystalline form, and this form is 
oneof the most marked features of the solid state- But 
although, under definite conditions, most substances as- 
sume a fixed geometrical form, yet, to ordinary exp& 
rience, these forms are the exceptions, and not the 
rule. I will therefore make the crystallization of solid 
bodies the subject of a few experimental illustrations. 

For the first experiment, I have prepared a eoncen- 
Jifaftted solution of animonic chloride (sal-ammoniac), 
'and with this 1 will now smear the surface of a small 
glass plate. Placing this before our lantern, and using 
a lens of short focus, so as to form a greatly-enlarged 
image on the screen, let us watch the separation of the 
solid salt as the solufion evaporates. . . . Notice that, 
first, small particles appear, and then from these nuclei 
the crystals shoot out and ramify in all directions, soon 
covering the plate with a beautifiil nct-worli of the fila- 
ments of the salt. "We cannot here, it is true, distin- 
guish any definite geometrical form ; but it can be 
shown that these very filaments are aggregates of such 
forms, and their strurture is made evident by a fact, to 
which I would especially call your attention — that, as 
IE crystalline shoots ramify over the plate, the sprays 
lep always at right angles to the stem, or else branch 
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at an angle of 45", wUicIi is the lialf of a right i 
(Fig. 8). 

For a farther illustration ot the process of ciys'al 
lizatiou I have prei>ared a solution in alcohol of a solid I 




Bubstance called urea, with which we will expenraent 
in precisely the same way as before The piocesB 

of crystallization, which is here so bcsntifully exhibited, 
is one of the most striking phenomena in the whole 
range of experunental science It is of course, not so 
wonderful as the development cf a j lant or an animal 
from its germ, but then organic growth is slow and 
gradual, while here beautifiil, symmetrical forms shape 
themselves in an instant out of this liquid mass, rfiveal 
ing to lis an architectural power in whit we call lifeless | 
matter, whose existence and controlling influence bOt J 
few of us have probably reahzed The general order I 
of the phenomena in this expeiiment is the same as in J 
the last ; but notice how diff'erent the details. We do I 
not see here that tendency to ramify at a definite angle, I 
but the crystals shoot out in straight lines, and cover tho I 
plate with bundles of crystalline fibres, which meet or in- 
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tersect oacli other irregularly as the accidental directions 
of tlie Bcveral shoots may detennine (Fig. 9). As bolbre, 
we cannot rceognizo the separate crystals ; indeed, large 
isolated crystals, sucli as you may see in collections oi' 
minerals, cannot be formed thus rapidly. They are of 
slow growth,and only found where the eonditionsbave fa- 
vored their development. But all the mineral substances, 
of whieh the rocks of onr globe consist, have a crystal- 
line structure, and are aggregates of minute crystals like 
tiiB arborescent forms whose growth you have witnessed. 
The external form is but one of the indications of 
crystalline structure, and by various means this structure 
may frequently be made manifest when the body appears 
wholly amorphous. Nothing could appear externally 
more devoid of structure than a block of transparent 
ice. Yet it has a most beautiful symmetrical structure, 
whieh can easily be made evident by a very simple ex- 
periment, originally devised, I believe, by Prof. Tyn- 
dall. For this purpose I have prepared a plate of ice 
about au inch in thickness, whose polished surfaces are 
parallel to the original plane of freezing. I will now 
place this plate in front of the condenser of my lantern, 
and, placing before it a lens, we will form on the curtain 
an image of the ice-plate, some twenty times as large as 
the plate itself. The rays of heat which accompany 
the light-rays of our lantern soon begin to melt the ice ; 
but, in melting it, they also dissect it, and reveal its 
strneture. . . . Notice those symmetrical six-pointed 
stars which are appearing on the wall (Fig. 10). Prof. 
Tyndall calls them, very appropriately, ice-flowers, for, 
as the flower shows forth the structure of the plant, so 
these hexagonal forms disclose the six-sided structure 
ml ice. You can hardly fail to notice the similarity of 
forms to those of the snow-flake. The six petals 
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of the iee-flowerB on our screen make with eacli other 
an angle of 60°, and, iJyou examine, with a magnifier, 
flakes of Ireali-fallcn snow (Fig. 11), or the arborescent 




forms which cryetallize on the window-panes in frosty 
weather, jou will find that, in all eases, the crystalline 
elioota ramify at this an^le, which is as constant a chnr- 
acter of the solid condition of water as is the right an- 
gle of sal-aminouiac. 

There are other solids whose crystalline structure, 
like that of ice, becomes evident during melting ; hut a 
far more efficient means of discovering the structure of 
solids, when transparent, is furnished by polarized light. 

It would lie impossible for me, without devoting a 
great deal of time to the subject, either to explain the 
nature of what the physicists call polarized light, or to 
give any clear idea of the manner in which it brings 
(mt the structure of the solid. I can only show yon a 
few experiments, which will make evident that such 
is the fact. We have now thrown on the screen a lumi- 
nous disk, which is illuminated by polarized light. To 
the unaided eye it does not appear diiFerently from 
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[ ordinary Hglit; but there is this peculiarity in the 
m. I Lave Lere a prism of well-known construc- 
tion, made of leelaad-apar, and called a Nicol prism. 
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The spar is as translucid as glass, and, with ordinary 

lighl^ it transmits, as you see, the beam equally well, 

whether it ia placed in one position or another. But, 

with the polarized beam, we shall have a very different 

result. In one position, as you notice, it allows the 

I light to pass freely ; but, on turning it round through 

I an angle of 90°, almost all the light is intercepted : 

the beam of light seems to have sides, which stand in 

a difl'ercnt relation to the prism in one position from 

that which they bear to it in the other. To describe 

this condition of the beam, the early experimenters 

h adopted the word ■polarised, which was not, however, 

L a happy designation ; for tlie term now iiuplies an 

I opposition of relations very unlike the difference 

I \vhich we recognize between the sides of such a beam 

I of light. Placing now the Nicol prism in the posi- 

I tion in which it intercepts the polarized beam, I will 

I first place between it and the source of light a plate 
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of glass. Yon notice that there U no difference of 
effect. BeBiden tlie arrangement for polarizing the 
light and the Nicol prism there is no other apparatus 
here except a lens, which would form on the acreen 
an image of tho glass plate or of any thing depicted 
upon it, were it not for the circumstance that the 
Nicol prism cuts off the light. By turning the Nicoi 
so that the ])o1arized light can pass, and putting a 
glass photograph in the place of the glass plate, yon 
SCO at once the photograph projected on the ecreen. 
Having turned back the Nicol until the light is again 
intercepted, I will remove the photograph, and put 
in its place a thin sheet of gypanm. . . . See,thia 
brilliant display of colors. The plate of gypsum is aa 
colorless and transparent as the glass, and the gorgeous 
hues result from the decomposition of the polarized 
light produced by the cryatalline structure of the 
gypsum. I will next turn round the film of gypsum, 
and you notice that the colors gradually fade out and 
finally disappear. As we turn farther they reappear, 
and so on. Evidently, the colors' are only produced in 
a definite position of the gypsum plate with reference 
to our polarizing apparatus. Moreover, as I can readily 
show you, the tint of color depends on the thickness 
of the film. I have here a simple geometrical design 
formed of plates of gypsimi of diiierent thicknesses, and . 
you notice that each plate assumes a different hue. On 
turning, however, our Nicol prism 90°, these colors are 
suddenly exchanged for their complementary tints. 

It is obvious that any colored deeigus might be re- 
produced in this way by combining gypsum plates cut 
to the required thickness and form, as in mosaic work ; 
and I will now show you a number of beautifiil illns- 
tratlons of this peculiar form of art. , . . But you can- 
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I not appreciate the wonder of tliese experiments without 
bearing in mind that these gypsum inosaics ehow no 
color whatever in ordiimry light, consigting, as thcj do, 
of plates which appe^ir like colorless glass. 
Let me now substitute for the gyijsum designs the 
glass plate on which we recently crystallized urea, ami 
notice that the crystals of this substance, wliich we 
saw form on the glass, yield similar brilliant hues. 
The experiment becomes still more striking, if we crys- 
tallize the salt under these conditions. I will, there- 
fore, take another glass plate, and, having smeared it as 
before with the solution of urea, I will place it in the 
focus of my lens before the polarizer. The field is now 
perfectly dark, but, as soon as the crystals begin to 
form, yon see these colored needles shoot out on the dark 
ground, presenting a phenomenon of wonderful beauty. 
Now, all this indicates a definite structure, and, to 
those familiar with these phenomena, they point to a 
definite conclusion in regard to this structure. I wish 
I could fully develop the argument before you, but this 
would require more time than the plan of my*Iecturefl 
allows, and 1 must be content if I have been able to' 
1 . impress upon your minds the single general truth 

^^^1 which these experiments suggest. You saw the urea 
^^^K crystallize, that is, assume a definite structure, and you 
^^V uow see that this structure so modifies the polarized 
^^^ ^'ght as to produce these gorgeous hues. You have 
seen similar hues, but still more brilliant, produced by 
a plate of gypsum, and I can only add that the conclu- 
sion which the analogy suggests is legitimate, and sus- 
tained by the moat conclusive evidence. The trans- 
k parent plates of gypsum have as^definite a structure as 
the crystals of urea, and to the student of optics these 
colore reveal that structure just as clearly as it is niani- 
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fested, even to the uninatrueted eye, by the procesaea 

of cry stall ization, which we have witnessed this evening. 
"Wi.iiilil, liuwi-'viT, th^t i fuiild cijrjvey U.> you a 11: 



I definite idea of the nature of that structure, for our ^H 
theory gives us a very clear conception of what we ^H 
suppose to be the relatious of the molecules in these ^^M 
solid bodies ! But the euhject is a difficult one, and it ^^M 
would require a l6ng time to make the matter intelli- 
gible. Still, by the aid of a few parallel experiments, 
I may be able to give you, at least, a ghmpse of the 

I manner tn which, as we suppose, the structure of solid 
bodies 18 produced. 
Everybody knows that a magnetic needle, when 
free to move, assumes a definite position, pointing, in 
general, north and south. Now, a magnetic needle is 
a needle of steel (hardened iron) in a condition which we 
call polarized ; and, what is true of it, is true of every 
polarized body, to a greater or less extent. So, also, if 
we have a collection of such polarized bodies, they will 
always arrange themselves in some definite position 
with reference to each other — will form, in a word, a 
definite structure. 
Further, it is well known that a magnet polarizes 
all masses of iron in its neighborhood, and this circum- 
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I stance enables us to illustrate the truth of the principle 
I juet stated, in a most striking manner : II' we bring a 
f bar-magnet near 6ome iron Uings sprinkled over a 
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plate' of glass, these little bits of iron become at once 
polarized by induction ; and, if then we gently tap the 
glass, tlio iron particles will swing round on its smooth 
surface, and arrange themselves in the moat wonderful 
way. By means of my vertical lantern I can Show you 
this effect most beautifully. I first sprinkle the tilings 
on the glass stage of our lantern, and then, having pro- 
tected them by a thin covering-glass, I bring near the 
glass one of the poles of a har-magnet. . . . Notice 
how, on tapping the glass, the filings spring into posi- 
tion, arranging themselves on lines radiating from this 
pole (Fig. 13), Here, evidently, we have a definite 
Btmcture produced. Let as now cleai" our stage, and ar- 
range for a second experiment. This time, however, we 
will lay the bar-magnet on tlie covering-glass, so that 
the bits of iron shall bo brought under the influeaee 
of both of its poles at the same time. . . . See what 
a beautiful set of curves results on tapping the glass 
(Fig, 13), and let me beg you to try to carry in your 
mind for a moment the general aspect of tliis structure, 
as well as of the fii-st. 
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Now, we suppose that, in solid bodies, the stractnre 
dc'pendB on the polarity of the molecules, aud that the 
luoleciiles, like the hits of ii'on in our experiment, take 
up the relative position which the polar forces require. 
And, nest, I will show you that a beam of polarized 
light develops iu some solids an evidence of structure 
not very unlike that you have just seen. 

Returning, then, to our polariscope, I place in the 
beam of light a plate of Iceland-spar cut in a definite 
manner. , . . See those radiating lines, and those iris- 
colored circles (Fig. 14). Does not that remind you of 
the structure we developed around a single magnetic 
poll!? Next, -I will use a similar plate cut from a crys- 
tal of nitre ; ■ . . . and, see, we have almost the repro- 
duction of the curves about the double pole (Fig. 1 5). It 
is the Ibnn of the curves as indicating a certain struct- 
ure, not tlie brilliant colors, to which I would direct your 
attention; The iris hues are caused simply by the 
breaking up of the whito light we are using ; for the 
crystal decomposes it to a greater or less extent, like a 
prism. If, by interposing a plate of red glass, we cut 
off all the rays except those of this one color, the varied 
tints disappear, but, in the black curves which now take 
their place, the analogy I am endeavoring to present 
becomes still more marked. Cei-tainly, you could have 
no more striking analogy than this. I can add nothing 
by way of commentary to the experiments without 
entering into unsuitable details, and I will only say, 
further, that I am persuaded that the rosemblances we 
have seen have a profound significance, and that the 
^*i'!q'^V"'°' '^''"''' ^^^*^ polarized beam reveals in these 
solid bodies, is really analogous to that wliicli the mag- 
net produces from the iron filings. 
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In order that we may make sure of tlie ground we 
liaye thus far explored, let me recapitulate the cbarac- 
teriatic qualities of the three couditions of matter 
which I sought to illustrate iu the last lecture. 

A gas always completely fills the vessel by which it is 
inclosed. It is iu a state of permanent tension, and con- 
I forme to the three laws of Mariotte, of Cliarles, and of 
I Avogadro. A liquid has a definite surface. It can be 
I only very slightly compressed, and obeys neither of 
these tliree laws. A solid has a definite structure, and 
resists both longitudinal and shearing stresses to a lim- 
ited extent. 

Having now presented to you the molecular theoiy 
as fully as I can without entering into mathematical 
details, I come back again to the great law of Avoga- 
dro, which is at the fouudation of our modem chem- 
I istry: 

When in the condition of a perfect gas, all sub- 
stances, under like conditions of terwperai/ure cmd press- 
ure, oonta/i/n in equal volume the same n/umher of iiwle- 
[ cuteg. 

I iave already shown you that, if wo assume the 
1 truth of the molecular theory (in other words. 
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if we assume that a mass of gas is an aggregate of is 
lated moviDg moleculee), then the law of Avogadi 
follows as a necessary consequence iVoin the known 
properties of atirifurm matter, and may, therefore, in a 
certain limited sense, be said to be capable of proof. 
As yet, however, we have only considered the purely 
physical evidence in favor of the law. We come next 
to the chemical evidence which may be adduced in sup- 
port of its validity, and this is equally strong. 

It would be impoBsible at the present stage of our 
Btndy to make the force of this evidence apparent, be- 
cause, BO far as chemistry is concerned, the law of Avo- 
gadro 18 a generalization from a large mass of facts, and 
the proof of its validity is to be tbund solely in the cir- 
cumstance that it not only explains the known ^cts of 
chemistry, but that it is constantly leading to new dis- 
coveries. This law, as I have intimated, bears about 
the same relation to modem chemistry that the law of 
gravitation does to modem astronomy. Modem astron- 
omy itself is the proof of the law of gravitation ; mod- 
em optics the proof of the undulatory theory of light ; 
and BO the whole of modern chemistry, and nothing 
less, is the proof of the law of Avogadro. I do not say 
that this great law of chemistry stands as yet on as 
firm a basis as the law of gravitation ; but I do say that 

Lit is based on aa strong foundations as the undulatory 
theory of light, and ia more fully established to-day 
than was the law of gravitation more than a century 
after it was announced by Newton. I have already 
briefly referred to the history of tho law. 
The original memoir was published by Amedeo 
Avogadro in the JburTial de Physique, July, 1811. 
this paper the Italian physicist " enunciated the opinion 
that gases are formed of material particles, sufficiently 
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Inmoved from one another to be free from all recipro- 
lal attraction, and subject only to the repnlsive action 
of beat ; " and, from the facts, then already well estab- 
lisEed, that the same variationB of temperature and press- 
ure produce iu all gases nearly the same changes of vol- 
IiUme, he deduced the conclusion that equal volumes of 
Kll gases, compound as well as simple, contain, under 
Eke condicions, the same number of these molecules. 
I This conception, simple and exacrt as it now appears, 
Bras at the time a mere hypothesis, and was not ad- 
RFSDced even with the semblance of proof. The discov- 
I 'cry of Gay-Luasac, that gases combine in very simple 
proportions by volume, was made shortly after, and, 
had its important bearings been recognized at once, it 
would have been seen to be a most remarkable confir- 
mation of Avogadro's doctrine. But the new ideas 
passed almost unnoticed, and were reproduced by Am- 
pere in 1814, who based hie theory on the experiments 
of Gay-Lussac, and defended it with far weightier evi- 
dence than his predecessor. Still, even after it was 
thus reaffirmed, the theory seems to have received but 
little attention either from the physicists or the chem- 
ists of the period. The reason appears to have been 
Bat the integ-fani mdecules of Avogadro and the par- 
^ of Ampere were confused with the atoms of Dal- 
n, and, in the sense which the chemists of the old 
school attached to the word atom, the proposition ap- 
peared to be true for only a very limited number even 
of the comparatively few aeriform substances which 
B then known. Moreover, the atomic tSieory itself 
B rejected by almost all the German chemists ; and, 
I physics, the tlieory of a material caloric then pre- 
ing was not enforced by the new doctrine. In a 
[Ord, this beautiful conception of Avogadro and Am- 
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pfire camo before science was ripe enougli to benefits 1 
by it. A halikjentury, however, lias produced an im- 
menBe cliange. The development of the modem the- j 
ory of chemistry has made clear the distinction between j 
moleculee and atoms, while the number of substances I 
known in their aeriform condition bfts been vastly in- 
creased, it now appears that, with a few exceptions, 
all these substances conform to the law, and these ex- 
ceptions can, for the most part at least, be satisfactorily j 
explained. On the other side, in tbo science of physics, 1 
more exact notions of the principles of dynamics have \ 
become general, and the dynamical theory of heat 
necessarily involves the law of equal molecular vol- 
umes. Thus, this theory of Avogadro and Ampere, 
which remained for half a century almost barren, has 
come to stand at the diverging-point of two great sci- 
ences, and is sustained by the concurrent testimony of 
both. It is not, then, without reason that we tate this 
■ law as the basis of the modem system of chemistry ; 
and, starting from it, let us see to what it leads : 

In the first place, then, it gives us the means of de- 
termining directly the relative weight of the molecules 
of all such substances as are capable of existing in the 
aeriform condition. For, it is obvious, ifequai volumes 
of two gams contad?!. the same nurnher of vwlecules, the rd- 
atvoe weights of these moleeuleB must he the aajne as the 
rdati/m weighia of the equal gasoolwmes. Thus, a cubic 
foot of oxygen weighs sixteen times as much as a cubic 
foot of hydrogen under the same conditions. If, then, 
there are in •the cubic foot of each gaa the same number 
of molecules, each molecule of oxygen must weigh six- 
teen times as much as each molecule of hydrogen. 

It is much more convenient in all chemical calcula- 
tions to use the French system of Aveights and meas- 
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arefi; and since, through moilem school-booka, the 
names of these measures have become quite familiar 
to almost everj one, I think I can refer to them with- 
out confusion. The accompanying table will serve to 
refresh your memory, and may be useful for reference : 

ITie metre is a^yrominxitdij the jn.a-iAi.inrff i^^^ "f "' 
quadrant of a -meridian of the earth measured from the 
pole to the equator. 

The metre equals 10 decimetres or 100 centimetres. 

The cubic metre, or stere, equala 1,000 cubic decime- 
tres or litres. 

The cubic decimetre, or litre, equals 1,000 ciAic cen- 

The gramme is tJte weight, in vacuo, of one ctibic 
mtwnetre of water at 4° centigrade (^he poimt of maai- 
% deimty). 

The hUogramme equals t,0^^f) grammes, ajui is, t^cre- 
Jbre, the weight of one eitbic dedmetre or Utre of water 
pHfuZer the aiime conditions. 

The crith is the weight, in vacuo, of one litre of 

iffdrogen gas at 0° centigrade {the freezing-point of 

tr), and at 76 cenU?netres (the normal height of il\e 

er). It equals 0.09 of a grwrnrne very nearly. 
The met/re is equal to .3^ feet nearly. 
The lit/re is equal to 1^ pint nearly. 
The gramme is equal to ISJ grains nearly. 
The Teilogramme is equal to 2J- pounds nearly. 
The convenience of the French ByBtem depends not 
it all on any peculiar virtue in tho metre (the standard 
of length on which the system is based), but npon tho 
two circumstances — -1. Tliat all tho sttndarda are divide* 

t^ " 3imally bo ns to harmonize with our decimal arithme- 
; and, 2. That the measures of length, volume, and . 
light, are connected by such simple relations that any 
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one can be most readily reduced to either of the other 
two. In order to make clear these last relations, I ujust 
ask you to distinguish between two terms which are 
constantly confounded in the ordinary use of language, 
namely, density and specific gravity. 

The density of a eubgtance is the amonut of matter 
in a unit-volume of the substance. In the English sys- 
tem it is the weight in grains of a cubic inch, and in the 
French system the weiglit in grammes of a cubic centi- 
metre. Thus the density of wrought-iron is 1,966 
grains English, or 7.788 grammes French. So also the 
density of water at 4° centigrade (the point of maxi- 
mum density) is 252.5 grains, or 1 gramme. 

The specific gravity of a substance is the ratio be- 
tween the weight of the substance and that of an equal 
volume of some other substance taken as a standard. 
For liquids and aoHds, water is always the standard 
selected, and the specific gravity, therefore, expresses 
how many times heavier the substance is than water. 
It can evidently be found by dividing the density of 
the substance by the density of water, because, as we 
have just seen, these densities are the weights of equal , 
volumes. Hence the specific gravity of iron equals — 
19B8 gTians 7.788 Rrammea _ „ „ 
252.5 grains I gramme 

Of course, the specific gravity of a substance will be 
expressed by the same number in all systems ; and, fur- 
ther, in the French system, as the example just cited 
shows, this number expresses the density as well as the 
specific gravity. Density, however, is a weight, while 
specific gravity is a ratio, and the two sets of numbera 
are identical in the French system only because in that 
. system the cubic centimetre of water has been selected 
as the unit of weight. 
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In the French Bystem, then, the same number ex- 
■preeses both the specific gravity and also the weight of 
tone cubic eentimetre of the substance iu grammes ; aud, 
■eince both 1,(HJU grammes = 1 kilogramme, and 1,000 
(cubic centimetres ^= 1 litre, it expresses alao th« weight 
nof one litre in kilogrammes. These relations are shown 
1 the following table : 

The apecijiG gravity of a liquid or solid shows hmo 

Rifnony tvmes heavier the hody is tha/n an equal volume 

^ water at 4° centigrade. The same number expresses 

mglso the weight of one cubic centimeti'e of tlte auhstanoe 

jranwies, or of one Hire in kHogranmies. 
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The black aqnarea are supposed to represent cubic 
intimetres. If assumed to represent cubic decimetres, 
then the weights which measure the densities would bo 
in kilogrammes instead of grammes. It will now be 
seen how simple it is in the French system to calculate 
weight from volume. "When the specific gravity of a 
substance is given, we know the weight both of one 
cubic centimetre and of one litre of that substance, aud 
WB have only to multiply this weight by the number 
of cubic centimetres, or of litres, to find the weight of 
the given volume. Thus the weight of a wrouglit-iron 
■plate i centimetre thick, and measuring 120 cen- 
timetree by 75, would be— 

120x75 X 7.788 = 3o,04G gmmmeB. 

general — 

W.=V.xS[>. Gr. 
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When V, is given in culiic centimetree, the resulting 
weigiit will be in grainmes ; when in litres, the weight 
will be kilogrammes, 

In estimating the specific gravity of gases, we avoid 
large and fractional numbers, by selecting, aa our stand- 
ard, hydrogen gas, which ia the lightest form of mat- 
ter known ; but we thus lose the advantage gained by 
having tlio unit-volume of our standard the unit of 
weight. It is no longer true that W.=V. xSp, Gr. 
' In order to preserve this simple relationship, it has 
been found convenient to use in chemistry, for estimat- 
ing the weight of aeriform substances, another unit 
called the criih. The crith is the weight, in vacuo, 
of one litre of hydrogen gas at 0° centigrade, and 
vritH a tension of 16 centimetres. It is equal to 0.09 
of a gramme nearly. Wc may now define the density 
of a gas as the weight of one litre of the substance in 
eritlis, and its specific gravity as a number which shows 
how many times heavier the aeriform substance is than 
an equal volume of hydrogen under the same condi- 
tions of temperature and pressure. We always esti- 
mate the absolute weight of a gas under what we call 
the standard condition, namely, when the centigrade 
thermometer marks 0°, and the barometer stands at 76 
centimetres. But, in determining the specific gravity 
of a gas, the comparison with the standard gas may be 
made at any temperature or pressure, since, as all gases 
are affected alike by eqnal changes in these conditions, 
the relative weights of equal volumes will not be altered 
by such changes. The subject may be made more 
clear by the following table : 

ITie spedjie gra/olty of a gas shows how man 
Keamer the asrifonn svhsiance is than an equal 
of hydrogen gas under the same conditions of tempera- 



: more ^^H 

/ timet ^^1 
vohima ^^H 
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hire and pressure. The aame number also expresses the 
weight in critfts of one litre cf tJte rjas under the stand- 
ard conditions. 
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Now we have again W. =V. xSp. Gr-, only we 
must remember that W. liere stfinds for a certain num- 
of criths, Y. for a certain number of litres, and Sp. 
Gr. for the specific gravity of the gns referred to hy- 
number which also exjiresses the weight of 
me litre of the gaa in critha. 

To return now to tliu subject of molecular weights. 

one litre of hydrogen weighs one crith, and one litre 

oxygen slsteen eritlis, and if both contain tlie same 

'number of molecules, then each molecnlc of oxygen 

must weigh sixteen times as much as each molecule of 

hydrogen. Or, to put it in another way, represent by 

the constant number of molecules, some billion bill- 

m, which a litre of each and every gas contains, when 

ider the standard conditions of temperature and 

■ossnre. Then the weight of each molecule of hydro- 

in will be - of a crith, and that of each molecule of 

bxygea — of a crith, and evidently 



I 



^at is, again, the weights of the molecules have the 
larae relation to each other as the weights of the equal 
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. Excuse BHcli an obvions demonstrationJ 
birt it is 6o important that we Ehould fiilJy grasp thii 
conception that I could not ealcly pass it by with a few 
words. It ia so c-onetantly the case that the simplest 
processes of arithnietical reasoniug appear obscure when 
the objects with which they deal are not familiar. 

Since, then, a molecnle of any gas weighs as mncl 
more than a molecule of hydrogen, as a litre of thft- 
same gas weighs more than a litre of hydrogen, it is 
obvious that, if we should select the bydrogen-moleculo 
as the unit of molecidar weights, then the number rep- 
resenting the specific gravity of a gas would also ex- 
press the weight of its molecules in these units. Fol 
example, the specitic gravity of oxygen gas is 16, that] 
is, a litre of oxygen is sixteen times as heavy as a liti 
of hydrogen. This being the case, the molecule ol 
oxygen must weigh sixteen times as much as the mole- 
cule of hydrogen, and, were the last our unit of molec- 
ular weights, the molecule of oxygen gas woidd weigh 
16. So for other aeriform substances. In every case 
the molecular weight would be represented by tht 
same number as the specific gravity of the gas rrferre^ 
to hydrogen. 

Unfortunately, however, for the simplicity of oi 
system, but for reasons which will soon appear, it hi 
been decided to adopt as our unit of molecular weighC] 
not the whole hydrogen-molecule, but the half-mole- 
cule. Hence, in the system which has been adopted, 
the molecule of hydrogen weighs 2 ; the molecule of 
oxygen, which is sixteen times heavier, 1 6 tii 
the molecule of nitrogen, which is fourteen times hca'' 
ior, 14 times 2, or 28 ; and, in general, the weight of thi 
molecule of any gas is expressed by a number equal 
twice its specific gravity reCerred to hydrogen. ' Not! 
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ing, then, can be simpler than the finding of the mo- 
lecular weight of a gas or vapor on this system. We 
have only to determine the specific gravity of the aeri- 
form substance with reference to hydrogen gas, and* 
double the number thus obtained. The resulting prod- 
uct is the molecular weight required in terms of the 
imit adopted, namely, the half-moleciile of hydrogen. 
Perhaps there may be Bome one who, having lost one 
or more of the steps in the reasoning, wishes to ask the 
question, "Why do you douhls the specific gravity in 
this method ? Let me answer by recapitulating. It all 
depends on the unit of molecular weights we have adopt- 
f©d. Had we selected the whole of a hydrogen-molecule 
'.SB our unit, then the number expressing the specific grav- 
ity of a gas would also express its molecular weight ; 
but, on account of certain relations of our subject, not 
yet explained, which make the half-moleenle a more 
convenient unit, we use for the molecular weights a 
st of numbers twice as large as they would be on 
'Lat might seem, at first sight, the simpler assumption. 
In order to give a still greater definitencss to our 
conceptions, I propose to call the unit of molecular 
weight we have adopted a mici-ocriih, even at the risk 
of coining a new word. "We already have become 
familiar with the oHth, the weight of one litre of hy- 
drogen, and I have now to ask yon to accept another 
"nnit of weight, the half hydrogen-molecule, which wo 
will call for the future a microcrith. Although a unit 
of a very different order of magnitude, as its name im- 
Jies, the microcrith is just as re^l a weight as the 
"th or the gramme. We may say, then, that 
A molecule of hydrogen weighs 2 microcritha. 

" oxygen " 32 " 

" nitrogen "23 " 

" chlorine " 71 " 




I 
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Now, what I am roost anxions to impress apottj 
your minds is the truth that, if the molecules, as wSj 
believe, are actual pieces of matter, these wcigt 
* real magnitudes, and that we have tte same linowl'J 
edge in regard to them that we have, for example, in re-l 
gard to the weights of the planets. The planets are v 
ble objects. .We can examine them with the telescope ;:■ 
and, when we are tolJ Jupiter weighs 320 times asM 
much as the earth, the knowledge seems more real to I 
us than the inference that the oxygen-molecule weighs J 
33 microcriths. But you must remember that your* 
knowledge of the weight of Jujiiter depends as wholly 
on the law of gravitation as^does your knowledge of 
the weight of the molecules of oxygen on the law of 
Avogadro. You cannot, directly, weigh either the 
large or the small mass. Your knowledge in regard 
to the weight is in both cases inferential, and the only 
question is as to the truth of the general principle on 
which your inference is based. This truth admitted, I 
your knowledge in the one ease is just as real as it'l 
is in the other. Indeed, there is a striking analogy 1 
between the two. The units to which the weights are j 
respectively referred are equally beyond the range of 1 
our experience only on the opposite sides of the com-l 
mon scale of magnitude ; for what more definite ideal 
can we acquire of the weight of the earth than < ' 
molecule of hydrogen, or its half, the microcrith S It iaJ 
perfectly tnie that, from the experiments of MaskelynsuJ 
Cavendish, and the present Astronomer-Koyal of Eng^ 
land, we are able to estimate the approximate weight-* 
of the earth in pounds, our familiar standard of^jveightf 
and so, from the experiments of Sir W. Thompson, wfl'! 
are able to estimate approximately the weight of theS 
hydrogen-molecule, and hence find the value of thefl 
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inierocritli iu fractions of tlie critli or gramme." It is 
tnie that the limit of eri-or in the last c.ise is very much 
;J«rger than in the first, but this dilfereuue is one which 
itare investigation will in all probability remove. 

I have dwelt thus at length on the definition of 
.oleeular weight, because, without a clear conception 
of this order of magnitudes, we cannot hope to study 
the philosophy of chemistry with success. Our the- 
ory, I grant, may all be wrong, and there raay be no 
flnch things as molecules ; but, then, the philosophy of 
every science assumes similar fandameutal principles, 
' which the only proof it cau ofl'er ia a certain har- 
lony with obsei-ved facts. So it is with our science. 
le new chemistry assumes as its fundamental pos- 
Lte that the magnitudes we call molecules are reali- 
; but this is the only postulate. Grant the postu- 
le, and you will timl that all the rest follows as a 
isary deduction. Deny it, and the " New Chemis- 
" can have no meaning for you, and it is not worth 
^ourwhilo to pursue the subject further. If, therefore, 
would become imbued with the spirit of tlie new 
philosophy of chemistry, we must begin by believing 
in molecules ; and, if I liave succeeded iu setting forth 
a clear light the fundamental truth that the mole- 
les of chemistry are definite masses of matter, whose 
ijglit can be accurately determined, our time has 

well spent. 

Before concluding this portion of my subject, it only 
ins for me to illusti-ate the two most important 
ictical methods by which the molecular weights of 
ibetaiyies are actually determined. It is evident from 

' At-COrding to Tliompson, one cubic iaoh of any perfect gns contains, 
r Btimdnrd condiliooB, 10<' molecules. Eeuce, one litre coDtains 
K 10? molecules snd 1 crith = 182 x 10" microcritha. 



78 



HOW MOLECULES ARE WEItiOED. 



what has beea said that we can eaBily find the moleca' 1 
lar weight of any substance cajiable of existing in tho f 
etate of gas or vapor, by simply deteraiining experi-- 1 
mentally the epeeitic gravity of such gas or vapor with 1 
reference to hydrogen. Twice the number thus ob- ' 
tained is the molecniar weight required in microeriths. 

Kow, the specific gravity of an aeriform substance 
is found by dividing the weight of a measured volume 
of the substance by the weight of an equal volume of 
hydrogen gas under the same conditions. This simple I 
calculation implies, of course, a knowledge of two ' 
quantities : first, the weight of a measured volume of 
the substance, and, secondly, the weight of an equal 
volume of hydrogen gaa under the same conditions. 
Of these two weights, the last can always be calculated 
(by the laws of Mariotte and Charles) ti-om the weight 
which a cubic decimetre of hydrogen, under the stand- 
ard conditions, is known to have, namely, 0.0896 
gramme or 1 erith ; so that the method practically re- 
solves itself into weighing a measured volume of the 
gaa or vapor and observing the temperature and presa- j 
ure of the substance at the time. There are always at I 
least four quantities to be observed : first, the volume of f 
the gas or vapor i secondly, its weight ; thirdly, its teot-I 
perature ; fourthly, its tension ; and, lastly, the weight 1 
of an equal volume of hydrogen, under the same condi- 1 
tions, is to be calculated from the linown data of science, f 

The most common case that presents itself is that I 
of a substance which, though liquid or even solid at I 
the ordinary temperature of the air, can be readilya 
converted into vapor by a moderate elevation of tern- f 
perature; such a substance, for example, as alcohoLj 
Now, we can find the weight of a measured voliame of J 
such a vapor at an observed temperature and tension' 
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in one of two ways, both of wliieh are in general use. 
In tiie first process we fill a glass globe of I'nown size 
with the vapor, and weigh tkia measured volume. In 
the second, we weigh out in a lilipiitian glass bottle a 
small quantity of the substance, and, having converted 
the whole of it into vapor, we measure the volume 
hich it yields. 
The first process, devised by Dumas, of Pari?, and 
)wn by his name, is conducted as follows : We take 
ft glass matrass (a thin glass globe, with a long neck), 
and, heating the neck in a glass-blower's lamp (as near 
to the body of the matrass as possible) we draw it out 
linto a capillary tube, three or four inches long. Ilav- 
'jDg first weighed the glass, we introduce into the globe 
s few table- spoonfuls, we will say, of pure alcohol ; and 
this we can readily do by alternately heating and cool- 
ing the vessel. We then mount the globe in a brass 
fmme, and sink it under melted paraffine, but so that 
the capillary opening shall rise above the surface of 
the hot liquid. A common iron pot serves to hold the 
parafGne (Fig. 18), which is heated over a gas-lamp, 
and a thernioraeter dipping in the bath enables ns to 
watch the temperature. 

Of course, the alcohol is soon volatilized, and the 
balloon filled with its vapor, Tlic excess escapes 
through the capillary tube, and, by lighting the jet, we 
can tell' when tbe vapor in the globe is iu equihbrium 
■with the external air, for at that moment the flame 
■will go out. We now, with a blow-pipe, melt the 
around the opening of the capillary tube, and 
tihus herraetically seal up the vapor in the globe. At 
".e Barae time we note tbe height of the barometer 
and the temperature of the bath. The height of the 
barometer gives us the tension of the vapor in the bal- 
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loon, because, at the moment of Bealiiig, tlie tension 
was equal to the pressure of tlio air wliich the barome- 
ter directly measures, and the temperature of the va- 
por must be the same as the temperature of the bath. ' 





Fin. IS.— Thunu' Methed of Bndlng the Spedflo Gnttt; of Tipon. 

"We can now remove the globe, and, after it is 
cooled and carefully cleaned, weigh it at our leisure. 
We must remember, however, that the apparent weight 
of the globe in the balance is not its true weight, be- 
caase, like a balloon, the globe is bnoyed up by the air 
it displaces, and we must therefore correct the ob- 
served weight by adding to it the weight of tlie air 
displaced. This correction our knowledge of the weight 
of air under varying conditions enables us to calculate 
with the greatest aeeumcy, assuming, of course, that 
the volume of the globe is known ; and, when, from 
the weight of the globe thus corrected, we subtract the ■ 
weight of the glass previously found, the remainder i 
the weight of alcohol-vapor which jnst filled the globe I 
at the moment of sealing, and when it had the tem- 
perature and pressure we have noted. 

Of the four quantities required, we have now ob- ,1 
served three, namely, the weight of the vapor, its tem- 
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peratare, and its tenbion. We also know that its vul- 
tune was that of the globe when we scaled up its 
mouth. Since, however, we use a new globe for each 
letermination, we have always to measure its volume, 

;nd this, practically, is the last step of the process. 
The volume is most readily found by filling the globe 
with water, and weighing. The weight of the water 
in grammes gives the volume of the globe in cubic 
centimetres very closely, Tlie globe, moreover, is 
leasUy filled, because the condensation of the vapor, on 
■cooling, leaves a partial vacuum in the iuterior, into 
which the water rushes with great violence as Boon as 
the tip is broken ofl' under the surface of the liquid. 
Omitting certain small corrections which it is not best to 
discuss in this general exposition of the subject, we may, 
^lastly, arrange our calculation in the following form : 
.Determination of the Molecular weight of Alcohol, by 
Dumaa^ Metfiod. 

'olnme of glass globe SOO cubic centimotreB. 

'emperatore at time of closing 3711° centigrade. 

Hdght of barometer meosnriDg the ten- ) ^g centimetres. 

of vapor at time of uloaing I . — . 

"Weight of globe and vapor 234.29 critbs. 

Correction for bnoyancy, equal to weigbt 1 
of 600 cnbic centimetres of air at 0° 
cent, and 76 centimetres, the tem- i 7.31 " 
peratnre and pressure in the bulunce- 

case when the globe was weighed. . . J 

241.50 " 

freight of glass ^'^•__ " 

{Tdght of alcohol- vapor 11.50 " 

ffmght of BOO cubic continietreg of 
drogen ^'as nt 373°, and 76 c. 
found hj calculation, as explained 

11.50 -^ 0.5 = 33 sp. gr. of alcohol -vapor, 
23 X 3 = 46 moleeolar weight of alcohol. 



80 HOW MOLECULES ARE WEIGDED. 

The second process to wliich I referred was origi- 
nally invented by Gay-Lnssac, but recently has been 
very greatly improved by Professor Hofinaun, of Berlin, j 
Hofinann's apparatus (Fig. 19) consists of a wide barom- 
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eter-tubej about a metre long, and graduated into 
cubic centimetres. This tube is filled with mercury, 
and inverted over a mercury-cistern, as in the experi- 
ment of Torricelli (Fig. 20). The mercury sinks, of 
course, to the height of about 76 centimetres, leaving 
a vacuous space at the top of the tube, and into this 
space is passed up a very small glass-stoppered bottle, 
containing a few eritbs of the substance to be experi- 
mented on. Around the npper part of the tube is ad- 
justed a somewhat larger tube, also of glass, which 

1 a jacket, and through this is passed stei 
(or the vapor of a Hijuid boiling at a higher tempera- I 
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ttire than water), in order to heat the apparatus to a 
constant and known temperature. 

Let UB suppose that the substance, whose molecuhir 
! weight we now wish to finii, is eommou ether. We 




t>^;in by weighing our little bottle, first when empty, 

and then when filled with ether, thus determining, with 

great accuracy, the weight of the quantity of ether 

L lised. AVith a little dexterity we next pass the bottle 

E-nnder the mercury into the barometer-tube, when it 

rat onee rises into the vacuous space. We now pass 

free steam through the jacket, until we are sure that 

the temperature of the apparatus is constant at, say. 
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100° ceiitigi-ade. The etiier, expanding with tlie heat, 
BOOQ foreee out the g!:isB stopper by which it was con- 
fined, and evaporates into the space above the mercury, 
depresBiDg the cohimn. At firat the column oscil- 
lates violently, but it soon comes to rest, and we 
then read on the graduated scale the volume of the 
vapor which the weight of ether taken has yielded. 
This vapor is evidently at the temperature of boiling 
water, or 100° centigrade ; but what is its tension ^ ^m 

The method of measuring the tension will be ob- ^^M 
vious if you reflect that, in this apparatus, the press- ^H 
ure of the air on the surface of the mercury in the eis- ^H 
tern is balanced by the mercury column in the tube ^^M 
and the tension of the vapor pressing on the upper ^H 
surface of this column. Hence, the height of the col- 
umn in the tube will be less than that of a true barom- 
eter in the neighborhood by just the amount of this 
tension. In order to find the tension, we have, there- ^M 
fore, only to observe the height of the barometer, and ^^M 
subtract from this the height of the column m our tube, ^H 
which we must now measure with as much accuracy as ^^M 
possible. Omitting, as in the previous example, a few ^^M 
small corrections, our calculation will now appear thus: ^^| 

Determination of the Molecular weight of Ether by ^^| 

Gay-lAtasa(^a method, improved by Sofmann. ^^| 

Weight of ether taken 3.539 critha. ^H 

Volume of vapor formed 125 cubic centjinetres, 

Temperatore of vapor 100° centigrade. 

Heiglit of barometer 'TO c. m. 

Height of column in tube 19 c. lu. ^H 

Tension of vapor 5T centimctrea, J^^| 

Weight of IS5 cubic centimetres of hj- •> ^^H 

drogen gas at 100° and BT centime- > 0.0680 of a orith. ^^| 

tres, bj calculation ) ^^^| 

2.S39 H- 0.0686 = 37 ep. gr. of ether. ^^H 

ST X 2 = T4 molecular weight of ether. ^^^H 
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As has been stated, the two methods of determining 
I molecular weight, just described, apply only to thoeo 
Buhstanees which can be readily volatilized by a inoder- 
I ate elevation of temperature. With some slight modi- 
; fications, the hj-st method may likewise be used for the 
permanent gasee; and, by employing a globe of porce- 
lain, St.-Claire Deville has succeeded in determining, 
in the same way, the molecular weight of several sub- , 
ettnces which do not volatilize under a red heat. But 
a great number of siibstancea cannot be volatilized at 
all within any manageable limits of temperature, and a 
etill larger number are so readily decomposed by beat 
as to be incapable of existing in the aeriform condition. . 
The molecular weight of such bodies cannot, of course, 
be determined by direct weighing. In most cases, bow- 
ever, we are able to infer with considerable certainty 
the molecular weight of these non-volatile bodies from 
a knowledge of their composition and other chemical 
I relations ; but, nevertheless, there are numerous in- 
cee in which the conclusions thus drawn are very 
i questionable, and a great deal of the uncertainty, which 
I still obscures the philosophy of our science, arises from 
I this circumstance. 
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In my previous lectures I have endeavored to give 
you a clear idea of the meaning which our modern 
ecience attaches to the word moleoule. I must nest 
attempt to convey, as far aa I am able, the correspond- 
ing conception which the chemist expresses by the word 
atojn. The terms molecule ami atom are constantly 
confonnded ; indeed, have been frequently nsed as sy- 
nonymous ; bat the new chemistry gives to these words 
wholly different meanings. W© have already defined a 
molecule as the smallest mass into which a substance is 
capable of being subdivided without changing its chemi- 
cal natm'e ; but this definition, though precise, does 
not suggest the whole conception ; for the molecule 
may be regarded from two very different points of view, 
according as we consider its physical or its chemical re- 
lations. To the physicist, the molecules are the points 
of application of those forces which determine or modify 
the physical condition of bodies, and he defines mole- 
cules as the small particles of matter which, under the 
influence of these forces, act as units. Or, limiting his 
regards to those phenomena from which our knowledge 
of molecular masses is chiefly derived, he may prefer to * 
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I define molectilea as those sinall particles of bodies which 
are not subdivided when the state of aggregation is 
changed hy heat, and which move as units under the 
influence of this agent. 
To the chemist, on the other hand, the molecules 
determine those differences which distinguish sub- 
Btanees. Sugar, for example, has the qualities which we 
SBEociate with that name, beeauso it is an aggregate of 
molecules which have those qualities. Divide- up a 
lamp of sugar as much as you please. The smallest 
mass that you can recognize still has the qualities of 
Bugar; and so it must be, if you continue the division 
down to the molecule. The molecule of sugar is sim- 
ply a very small piece of sugar. Dissolve the sugar in 
water, apd we obtain a far greater degree of subdivision 
than is possible by mechanical means ; a subdivision 
which, we suppose, extends as far as the molecules. 

I The particles are distributed through a great mass of 
liquid, and become invisible ; still, the qualities of the 
BUgar are preserved ; and, on evaporating the water, 
we recover the sugar in its solid qonditioii ; and, ac- 
cording to the chemist, the qualities are preserved, be- 
cause the molecules of sugar have remained all the 
while unchanged. 
Consider, in the second place, a lump of salt. You 
do not alter its familiar qualities, however greatly you 
may subdivide it, and the molecules of salt must have 
all the saline properties which we associate with this 

IBubstance. Dissolve the salt in water, and you simply 
divide the mass into molecules. Convert the salt into 
vapor, as you readily can, and again you isolate the 
molecules as before. Cut, through all these changes, 
the salt remains salt ; it does not lose its savor, because 
the individuality of the molecules is preserved. So is 
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it witli every snbstanee, It is tlie molecules in wiieli ^ 
the qaalitiee iuLere. Ilenee the cliemist's defiuition of 
a molecule : The smaUesi particles of a substance in 
•which its <iu^iiie3 inhere, or the smaUeat particles of a 
substance which eon exist by themselves ; for both defi- 
nitions are essentially the same. 

Hitherto we have ouly cooBidered molecules as dit- 
fering from each other iu weight, and have learned how 
to determine their weight; but now we have to regard 
them fts diffei-iug in all those qualities wliieh distinguieli 
substances. Considering only the ordinary chemical 
relations of the two substances, a molecule of sugar dif- 
fers li'om a molecule of salt in precisely the same way 
that a lump of sugar differs from a lump of salt. In a 
woi'd, what is tnie of the substance in mass is true of 
its raolecnlea. Hence it is that, in studying the ehemi- 
cjil relatjous of substances, we may, as a rule, confine 
our attention to the rehitiona between their molecules, 
and this very greatly siropJifies the problems with 
which we have to deal ; and, in the admirable system of 
chemical notation, to which I shall hereafter call your 
attention, the symbol of a substance stands for one 
molecule, and in using these symbols to represent chemi- 
cal changes — reactions, as we call them — we always ex- 
press the reaction as taking place between the individ- 
ual molecules of the substances concerned. 

But, although the molecules are the limit of the 
pliyaical Bubdivision of a substance, tlie chemist carries 
tho Mubdirision still further; but, then, the parts ob- 
tained have nil longer the qualities of the original sub- 
HtnricM, uiifl one or more new substances result. Of 
eniimc, tlio cliumist cannot, any more than the pliysi- 
eldt, oxporiiuont on individual molecules. He must 
experiinoiit on a mass of the substance, and the division 
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Tof the molecule must be an inference from the plie- 
I nomena wliieli ensue. Let me call jour attention to a 
Biew experiments wluch will illuBtrate tfiis point : 

I crush this lum]) of sugar in a mortar, and reduce 
I it to what appears to be an impalpable powder, but a 
Itnicroscope will show that the powder consists of grains 
1 which nre simply smaller lumps, aud, in fact, masses of 
■ great size, compared with many organisms which are 
I the objects of microscopic investigation. Each one of 
e grains is sugar, and has all the essential qnalitica 
lof sugar just as much as the lump. We next pour the 
■jpowdered sugar into water, in which, as we say, it dis- 
rsolves ; but the solution simply consists in dividing the 
Igraine still more, reducing them to molecules, which 
I become spread throughout the mass of the liquid. How 
B wo to go any further than this ! Very easily. I take 
'a few more himps of sugar, and throw them into this 
heated platinum ctncihle, when, in an instant, a re- 
inarkable change takes place. We have the appearance 
of flame, and out of the sugar is evolved a mass of loose 
£ charcoal. Evidently, this charcoal must have come 
■jtom the sugar. The crucible is unchanged, and, be- 
p'flidea the air, the sugar and platinum were the only 
Bubstances present. Let me, however, enforce this con- 
clusion by still another experiment, which is even more 
Btrildng : 

Instead of acting on the sugar simply with heat, we 
will DOW act upon it with a strong chemical agent called 
f imlphuric acid. For this purpose I have previously pre- 
pared about half a pint of very thick syrup, and with this 
I will now mix three or four times its volume of common 
oil of vitriol, constantly stirring the mass as my assist- 
l ant pours in the acid. The syrup at once blackens; 
Ibooq it begins to swell, and now notice this enormous 
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body of loosely-coherent eliareoal which rieea from the 
veEsel. Here, again, the charcoal must have been 
evolved out of the sugar, for the sugar was the only 
Bubatance common to the two esperimcntB ; and, ad- 
mitting this fact, see to what it leads. 

The quahtica of Bugar inhere in its smallest particles, 
and must belong to the molecules just as truly aa to 
these lumps. In our experiment the chareoal has been 
evolved out of a considerable mass of sugar; but the 
result would have been the same could we experiment 
on the individual molecules. It is evident, therefore, 
that the charcoal has been formed out of the sugar- 
molecules, and that each molecule has contributed its 
portion to this result. Mow, this charcoal, cdtJuyugh so 
bulky, weiglta far less than the sugar. It could, then, 
have formed only a part of the mass of llie sugar, and 
only a part of the mass of each molecule. But what 
has become of the rest of the material i For the pres- 
ent, it must be sufficient to state that careful experi- 
menting has shown that, in this process, another sub- 
Btance is evolved from the sugar besides charcoal, and 
that this substance is water. Moreover, since the weight 
of the water, added to that of the charcoal, entirely ac- 
counts for the material of the sugar, we conclude that 
in our experiment the sugar has been resolved solely 
into charcoal and water. Each molecule, therefore, has 
been resolved into charcoal and water. In a word, the 
molecule has been divided. We cannot divide it by 
any physical means ; but we can divide it by chemical 
means, only we do not obtain thereby two smaller par- 
ticles of sugar, but a particle of charcoal and a particle 
of water. Such, then, is the evidence we have that 
a molecule of sugar can be divided ; but the reason- 
ing here used is so important to the validity of our 
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modem chemical pliilosophy that I muBt not paEB it by 
with a single example : 

One of the substances evolved from the sugar was 
water. Let us nest see whether the molecules of this 
most famihar eubetance can be divided. "We have al- 
ready seen to what a wonderful degree of tenuity we 
can carry the mechanical subdivision of this material. 
The film of a soap-bubble, just before it bursts, is leas 
than T.TnrS.STiT **^ ^° '"'^'^ '^ thickness. A square inch 
of this film would weigh only one i,-^-^ of a grain. 
ifow, the unaided eye can easily distinguish the j^ of 
an inch in length, or xtj.Vjtt o^ * square inch of area or 
s quantity of water in tliat film, weighing only Ts.w^.'aTnT 
of a grain. But a still greater subdivision than this is 
possible, for, as we now know, when water is converted 
into rapor, the liquid mass breaks np into small parti- 
cles of wonderftil tenuity, which we call molecules, and 
by expanding the vapor we can separate these molecules 
to an indefinite extent. We cannot, it is true, follow 
this subdivision with the eye, but we can discern it 
with the intellect ; and, furthermore, by determining 
the specific gi-avity of aqueous vapor with reference to 
hydrogen gas, we can very easily find the weight of 
the aqueous molecules, and we thus know that a mole- 
cule of water weighs eighteen microcriths. By physical 
processes we cannot carry the subdivision any further. 
The smallest mass of water of which we have any knowl- 
edge weighs eighteen microcriths; but we can divide 
the molecule chemically, as the following experiment 
i'^ili prove : 

In order to show you the decomposition of water 
Jjy an electrical current, I have pi'ojectcd on the screen 
the magnified image of a glass cell containing a small 
quantity of this familiar liquid, acidulated, however 
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(with Bolphiiric acid), in order to malic it s conductor 
of electricity. Connected witli the cell is what mast 
be known to all of my audience as a voltaic battery. 
The conducting wires from the end plates of this com- 
bination terminate in the two strips of platinum, which 
you see projected on the screen. As soon as the con- 
nections are made, or, to use the technical phrase, as 
soon as the circuit is closed, an electric enrrent flows 
through the water in the cell, passing from one 
of those poles to the other. The efl'ect of this enrrent 
is visible. Bubbles of gas collect upon the -platinum 
strips, and, as soon as they attain sufficient size, rise to 
the surface of the water, and this evolution of gas will 
go on so long as the electric cuiTent conthiues to flow. 
The gases evolved at the two poles are wholly different , 
substances, and, in order to exhibit to you their cliarac- 
teristic qualities, I have prepared a second experiment : 

Standing on the table is a decomposing cell similar 
to the last, but very much larger, and so constructed 
that the two gases are collected as they rise from the 
poles, and conducted apart into these two glass bells. 
A very powerful electric current hns been passing 
through the water in the cell since the beginning of 
the lecture, and already the bells are filled with the 
two aeriform products. Both are invisible, but notice 
that the gas we have collected in the right-hand bell 
takes fire and burns with a pale and barely luminous 
flame. Here we have a very large bell full of the same 
gas, and on lighting this I think the flame will be vi^i- 
ble to nil. Every one must have recognized this ma- 
terial. 

It i^ a well-known substance, which we call hydi-o- 
gen. It is one of the very few substances which we 
only know in the aeriform condition. It is, moreover, 
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the lightest form of matter known, A cubic yard ot 
air at the temperature of thia i-oom (77° Falir.) weighs, 
in round nnmhers, two pounds, while a cubic yard of 
hydrogen weighs only two and a halt' ounces. These 
rubber balloons, wbivb arc such familiar toys, illuetrate 
very forcibly the wonderful lightness of this singular 
form of matter. 

Let us turn now to the gas in the left-band bell, and 
we shall find that it ditfcrs most strikingly from tbe 
other, and in no respect is tbe difference more marked 
than in tbe weight. This gas is sixteen times heavier 
than bydrogeu, that is, the difference between the den- 
I eity of the two is almost as great aa that between iron 
I and cork, and yet these invisible forms of matter are so in- 
, tangible that it is difficult even for the chemist to appreci- 
I ate thia difference. Bringing now a lighted candle near 
tbe open mouth of tbe bell, you see that the gas will not 
\ hum ; but notice that, aa I lower the candle into the 
bell, the wax burns in the gas far more brilliantly than 
I in air. Observe, also, that this smouldering slow-match 
I bursts into Same when immersed in tbe same medium. 
I Evidently it supports combustion with great vigor, 
and, in order to illustrate this point still more strik- 
ingly, I will introduce into another bell of the same gaa 
a spiral of wateh-apring tipped, like a matcb, with a lit- 
tle sulphur, first setting fire to tbe sulphur. , . . See! 
the iron bm'na aa readily as tinder, and far more brill- 
I iantly. Wo are dealing, in fact, with oxygen, the same 
s which is ftnind all around us in l:be earth's atmbs- 
I phere — only, in our atmosphere the oxygen is mixed 
I with four times its volume of an inert gaa called nitro- 
I gen, while as evolved from the water in our experiment 
j it ia perfectly pure. 

It is evident, then, tbat in tiiia experiment two 
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now Biibstaneea are evolved, and the questioi 
Whence do tliey come ? It' we examine carefully 
the conditions of the experiment we should find I 
that, of all the substances present, the only one which 
nnderwent any pennanent change was the watei*. The 
weight of the platinum poles, for example, remains un- 
changed, but the weight of tlie water is diminished in 
exact proportion to the amonnt of gas evolved. These 
aeriform aubatancea are then educed from the material 
of the water. Moreover, it has also been proved that 
the water is comjpUtely resolved into these gases. The 
electric current is merely a form of eiergy, and, of 
course, can neither add nor remove ponderable male- 
rial, and the weight of oxygen and hydrogen formed is 
exactly equal to the weight of water lost. As we say in 
chemistry, the electric current analyzes the water, and 
these gases are its solo constitnents, 

Let me now call your attention to another fact con- 
nected with the process we are studying; and, in order 
that you may observe the fact for yourselves, I will rr- . 
peat the experiment with still a third apparatus, so 
constructed that we can measure the volumes of the 
two gases which are formed. I have placed the appa- 
ratus iu front of my lantern so that I can project on 
the sercen a magnified imago of the gi-adnated tubes in 
which the gases are collected, 

You notice that the volume of one is twice as large 
as that of the other, and this ratio is found to hold ex- 
actly when we make the experiment with the very 
greatest accuracy. The larger volume is hydrogen, the 
lesser oxygen. But oxygen, aa I have said, is sixteen 
times as heavy as hydrogen. Hence, there ie eight 
times as much material in the half-volume of oxygen as 
in the whole volume of hydrogen, or, in other words, 
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I yrhea water is decompoBed by electrolysis, there is 
I eight times as much oaygen produced as hydrogen. 

We regard, then, this experiment as establishing, 
I beyond all controversy, the fact that water is composed 
r of oxygen and hydrtigen gtises in the proportions of 
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tight to one, or, in other words, that in every nine 
^arts of water there are eight parts of oxygen and one 
part of hydrogen. But, if this, is true, it must be true 
of the smallest mass of water as well as of the largest. 
It must be true, then, of the molecule of water. Kow, 
one molecule of water weighs 18 microcriths. Hence, 
of those 18 microcriths, one-ninth, or two microcriths, 
must consist of hydrogen, and eight-ninths, or 16 micro- 
criths, mnat consist of oxygen. Please notice that this 
"is a result to which our experiment directly leads, and 
IB as much a fixed truth as any results of observation. 
Unless our whole science is in error, and Avogadro's 
law a delusion, then it is an established fact that the 
molecule of water weighs 18 microcriths, and equally 
certain that this molecule consists of 16 microcriths of 
oxygen, and of 2 microcriths of hydrogen. More- 
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over, it is also evideDt that, when we analyze water, as 
in this experiment, the molecules are divided, and that, 
from the material thus obtained are formed the mole- 
cules of the two aeriform substances whioh ai-e the 
products of the process. As yet I advance no theory 
as regai-ds the nature of this process, or of the condi- 
tion in which the two substances exist in the molecule 
of water. lam only dealing with the bare fact that 
they ai-e evolved out of the molecule, nnd that the 
molecule is thus divided. There are a great many 
other chemical processes by which water may be ana- 
lyzed, and the result is in all cases precisely the same, 
namely, that ft"om every nine parts of water there are ob- 
tained eight parts of osygcn and one of hydrogen. Of 
couTOO this concurrence of testimony is very valuable, 
but wc need not go beyond this simple 'experiment to 
establish the truth we have enunciated, and our oxperi- 
raent has this great advantage for the present purpose : 
There is nothing to complicate the process, and you 
can be almost said to see that the oxygen and hydro- 
gen come from the water and from that alone. 

Such illustrations might be very greatly multiplied, 
but the two we have selected are sufficient to show 
how the chemist is able to divide the molecule, and 
that this division is always attended with the destnio- 
tion of the original substance, and the evolution from 
it of wholly different substances. We are now, then, 
prepared to classify the various changes which we ob- 
serve in Nature, and define them according to the terms 
of the molecular theory. 

There are many changes in which the identity of 
the substance remains unimpaired, although the exter- 
nal form may be greatly altered, and in some cases even 
new qualities acquired. Thus, a bar of iron may be 
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I drawn out into wire finer than tliG finest lialrj may be 
rolled out into leavea of exceeding tenuity, may be- 
come magnetized, and thus acquire a remarkable pow- 
er of attracting otlier maeses of iron ; but all this time 
the material remains unchanged, and woald be recog- 
nized by every one as iron. Such changes aa these are 
called physical changes. They are necessarily attend- 
ed with very great changes in the relative position of 
the molecules, or even in their condition ; but the 
molecules remain undivided, and retain throughout 
their integrity. Cut there is another class of changes, 
whose very essence consists in the convereion of the 
Biibstances involved into new substances. Coal and 
wood burn, and aro thereby converted into those aeri- 
form substances which we designate collectively under 
the name of smoke. * Iron rusts, and changes into a 
yellowish-red powder. Out of white, sweet, soluble 

■ sugar comes this porous mass of bhick charcoal, and 
out of water come oxygen and hydi'ogen gases. Such 
changes as these are called chemical changes. They are 
I caused by a change in the old molecules. -New ones 

aro formed, and hence new substances arc formed. 
In some cases the old molecules nre divided into 

I parts of a difl'erent nature. Thus, the molecules of 
sugar are divided into masses of charcoal and water, and 
the molecules of water again are divided into particles 
of oxygen and hydrogen. In such cases, we say that 
the substance is decomposed into its constituent parts. 
In other cases, the old molecules attach to themselves 
I more material, and new -molecules, of greater weight, 

result, and wo then say that the substance has com- 

Ibioed with another, as .the coal with oxygen in the pro- 
cess of burnipg, and the iron with oxygen in the pro- 
cess of rusting. The first class of changes we call ■ 
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analysis, the second, eynthcBis. The evidence of analy- 
sis is that each product of the change weighs less than 
the substance from which it was evolved. The evi- 
dence of synthesis is that the total product weighs 
more than the original suhstance. 

The oxygen and hydrogen gases, each apart, weigh 
less than the water from which they were formed, and 
the feet that the sura of their weights is exactly-equal 
to that of the water, proves that they are the only 
products of the change, and that water ia composed of 
these substances, and of these alone. The gas we call 
carbonic dioxide, which is the only product of the 
horning of pure coal, weighs more than the coal, and, 
since this excess. of weight is exactly equal to that of 
the oxygen consumed in the burning, we conclude that, 
in this process, the coal has combined with oxygen, 
and that the carbonic dioxide is a compound of those 
two Buhstances. 

Thus arise our scientific conceptions of combina- 
tion and decomposition, of synthesis and analysis. 
When we say that sugar is composed of charcoal and 
water, we mean merely that these two substances may 
be evolved from sugar ; and the evidence that they are 
the only constituents of sugar is that the sum of the 
weights of the two products equals the weight of the 
sugar. When we say that water is composed of oxy- 
gen and hydrogen, we merely mean that these two 
substances may bs educed from water, and that, as he- 
fore, the weight of the two products exactly, equals tho 
weight of the water. _ When we say that carbonic di- 
oxide is composed of charcoal and oxygen, onr asser- 
tion ia based on the fact that, in the process of burning, 
the oxygen gas appears to absorb charcoal, and that 
the resulting gas weighs more than the oxygen by the 
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I exact weight of the cliarcoal eoneianied. In the first 
two cases, the proof of the composition is analjticaJ, 
in tho third synthetical. In many cases we have both 
modes of proof. Thus, we can decompose water into 
oxygen and hydrogen gases, and show that the weight 
of tho products is exactly the same as that of the water 
which lias disappeared. AVe can also combine hydro- 
gen with oxygen, and show that the weight of water 
formed is exactly eq^nal to that of the two gases con- 
\ Bumed. 

Notice the important part which the weight of tho 
I finhetanees concerned in our processes phiys in this 
I reasoning, ThatwatereonsiBtsofosygenandhydrogen, 
[ and of nothing else, is a conclusion based on the fact 
that the weight of the substance has been found equal 
to that of its assumed constituents. Of course the 
J reasoning implies the truth of the principle that in- 
I crease of weight always indicates increase of material, 
■ and diminution of weight diminnlion of material, or, 
f in other words, that tho weight of a body is propor- 
■^ional to the amount of material it contains. But this 
fcprineiple, so obvious now, is by no means, as might at 
Ifflrst appear, self-evident, and it is only comparatively 
ll-ecently that it lias become an accepted principle of 
■-Bcience. It was never fully enunciated before New- 
Lion, and, although his master-mind was able to estab- 
I'lish tho foundations of astronomy on this basis two 
[centuries ago, it is only comparatively recently that 
Ktlie principle has been fully accepted in chemistry, 
•for years after Newton, the ehemists'believed univer- 
I'fially in a kind of matter called phlogiston, which not 
tonly conld be removed fi'ora a substance without dimin- 
Bishing its weight, but whose subtraction actually added 
[> the weight. It is the great merit of Lavoisier that 
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^^B lie clearly conceived of tbis principle, and insisted on 
^^B its application in c!ieini»try. He was tlie £rst to see 
^^M clearly tliat, in every chemical process, iacrensc of 
^^B weiglit means increase of material, and loss of weight 
HV loss of material. Iron, in rusting, gains in weight. 
Hence, said Lavoisier, it has combined with some 
material. i\o, said the defenders of the phlogiston the- 
ory, sucli men as Cavendish, Priestley, and Scheele, 
I it has only lost phlogiston. Ton are making too much 
of this matter of weight. Phlogiston differs fi-om your 
gross forms of matter in that it ia specifically light, 
and, when taken from a body, increases its weight. 
"We smile at this idea, and we find it difScnlt to believe 
that these men, the first scientific minds of their age, 
could believe in such absurdity. Eut we mnst remem- 
ber that the idea did not originate with them. It was 
a part of the old Greek philosophy, and from the pages 
of Aristotle was taught in every school of Europe until 
within two hundred years; and, even in onrown time, 
we still hear of wiponderalle agents. Text-books of 
science are used in some of our schools which refer the 
phenomena of heat and electricity to attennated forms 
of matter, that can be added to or subtracted from 
^T bodies without altering their weight. Such facts should 
^H teach us, not that we are so much wiser than our 
^^H fathers, hut that our familiar ideas of the composition 
^^B of matter are not such simple deductions from the 
^^1 phenomena of Nature as they appear to us; and this 
^^H discussion of the evidence, on which these conclusions 
^^B are based, is therefore by no means supcrfiuous. 
^^1 As the result of this discussion let us bear in mind 

^^1 that, when we say that water is composed of oxygen 
^^1 and hydrogen, we mean no more than this, that, by 
^^H various chemical processes, theso two substances can 
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le produced from water, and that the weight of tho 
:two products always equals the weight of the water 
ployed ill the process ; or, on the other hand, that 
Ifrflter may be produced hy the combination of oxygen 
ith hydrogen, and that the weight of the water thus 
irmed is equal to the sum of the weights of the two 
We cannot say that water consists of hydrogen 
md oxygen, in the same sense that bread consists of 
lonr, or symp of sugar, and mortar of lime. We must 
[be very careful not to transfer our ideas of composi-, 
'tion, drawn chiefly from the mixtures we use in coni- 
life, directly to chemistry. In tliese mixtures the 
product partakes, to a greater or less degree, of the 
character of its constituents, which can be recognized 
eesentially unchanged in tho new roaterial, but, in all 
instances of true chemical union and decomposition, 
the qualities of the substances concerned in the process 
entirely disappear, and wholly difi'erent substances, 
1th new qualities, appear in their place. Prior to ex- 
irience, no one could suspect that two aeriform sub- 
like oxygen and hydrogen could be obtained 
from water, and the discovery of the fact, near the be- 
ginning of this century, marks an era in the history of 
science. And, even now, familiar as it is, this truth 
Btanda out as one of the most remarkable facts of Na- 
ture. Moreover, the wonder becomes still greater 
when we learn that water yields 1,800 times its vol- 
ume of the two gases, and that these gases retain 
their aeriform condition so persistently that no power 
"las been able to reduce them to the liquid condition ; 
.d still more tlie wonder grows, when we leam fnr- 
ler that the amount of energy required to decompose 
pound of water into its constituent gases would be 
lequate to raise a weight of 5,314,200 pounds one 
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foot high ; and that, when these gasee unite and the 
water is repi-oduccd, this energy again becomes active. 
Two experiments wiU enforce the truth of this state- . 
mcnt: 

For the first, I have mixed together in this mbbcr 
hag oxygen and hydrogen in the exact proportions i 
which they unite to form water, and, with the gas, I 
will now blow up into froth the soap-suds contained in 
this iron mortar — thus confining the gas only by the 
.thinnest possible envelope. I will now ask my assist- 
ant to inflame the mixture with liis lighted taper, when 
a deafening explosion announces to us that the chemi- 
cal union has taten place. But what has been the 
occasion of the development of such tremendous ener- 
gy '{ The foi-mation of a single drop of water, so small 
that yon could hold it on the point of a needle. 

For the second experiment I will bum the same 
gaa-mixture at a jet, and show you how great is the in- 
tcusily of the heat which may be thus developed. This 
apparatus is the well-known compound blow-pipe in- 
vented by our countryman Dr. Hare. The oxygen 
and hydrogen flow through rubber hose from separate 
gas-holders into a very small chamber, where they mix 
before issuing from the jet. The same chemical nnion 
tnk^ place here as before ; the same product (water) is 
formed; the same amount of energy is developed; but, 
under these different conditions, the explosive gas 
bums with a quiet flame as it is gradually supplied 
from the jet, and the energy, instead of being expended 
in driving back the air, and thus determining that vio- 
lent commotion in the atmosphere which caused the 
noise, is here manifested wholly as heat. And see how 
intense the heat is I . . . It is a steel file which is burn- 
ing with such rapidity in this flame. As I have already 
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toM jou, heat is only a.'ioojie.of energy, and, like any 
otlier manifestation of power, Jniy be measured in foot- 
pounds. Hence, this brilliarif .■ergc^iment is an apt 
illustration of the amount of cnei^'de-^Ioped in flie 
production of water. In witnessing tb^ina^itnde of 
the efl'ects, we are surprised, as before, by 'tlitf apj>arent 
inadequacy of the cause ; for the amount of- .w^er, 
whose production was the occasion of all this disp}^';' 
" powcTj is only a few drops. 
Who could believe that such power was concealed 
the familiar liquid which is so intimately connected 
■with our diiily life ? Between the qualities of water and 
the qualities of these gases there is not the most distant 
resemblance. When the water is decomposed, the 
qualities of the water are wholly lost in the qualities 
of the two gases produced from it, and a certain amount 
of energy is absorbed. When the water is fonned, the 
qualities of oxygen and hydrogen are wholly merged 
in those of the resulting liquid, while the same amount 
of energy is set free. 'Whether the oxygen and hydi'o- 
gen exist, as such, in the water, or whether they are 
produced by some unknown and unconceived transfor- 
mation of its euhetance, is a question about which we 
may speculate, but in regard to which we have no 
knowledge. AH we know is, that the change of water 
into the two gases or of the two gases into water is 
attended with no change of weight, and hence we eon- 
elude that in the change the material is preserved, or, 
in other words, that water and the gases are the same 
material in different forms. 

Now, the only theory which has as yet succeeded in 
giving an intelligible explanation of the facts, assumes 
tliat hydrogen and oxygen do exist as such in water, 
preserving e-ich its individuality ; that each molecule 
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of water consists of tlireo'^aittflleB, two of Ljdrogen 
and one of oxygen ; -t^a^ wlien the water is decom- 
posed, tLe moluciil^'ire'brokea up, and that then the 
oxygen particles a'astfciate themselves together to form 
molecule? 'Qt^.ojLjgen gas, and tlie hydrogen particles to 
form liifjteftlea of hydrogen gas ; that, on the other 
ljiin^;-.*hen the gases recombine, the reverse takes 
•./.jiWefe, each particle of oxygen uniting to itself two par- 
■lieles of hydrogen to form a molecule of water. 

These parts of molecules (these particles, into 
which the molecules break up under various chemical 
processes) are what we call atoms, and this theory is 
the famous atomic theory, which has played such a. 
prominent part in modern chemistry. We shall find, 
as we pi-oceed, that there is very strong evidence in its 
support. Indeed, without it a large part of the mod- 
em science would be wholly unintelligible ; and, were 
I to confine my regards to purely chemical facta, I 
should regard the evidence in its favor as overwhelm- 
ing. Still, I must contpss that I am rather di-a-^vn to 
that view of Nature which has fevor with many of the 
most eminent physicists of the present time, and which 
Bees in the cosmos, besides mind, only two essentially 
distinct beings, namely, matter and energy, which re- 
gards all matter as one and all energy as one, and 
which refers the qualities of subetaDces to the affeetiona 
of the one substratum, modified by the varying play 
of forces. According to this view, the molecules of 
water are perfectly homogeneous, and the change, 
which takes place when water is decomposed, docs not 
consist in the separation from its molecules of pre- 
existing particles, but in imparting to the same mate- 
rial other afl'ections. 

I know that this language is very vague, hut it is 
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no more vagne than the idea it attempts to embody. 
Still, vague as it is, no one wlio has followed modern 
physical discufisions can donbt that the tendency of 
physical thought is to refer the differences of substances 
to a dynamical cause. NevertheleBa, as I said before, 
the atomic theory is the only one which, as yet, baa 
given an intelligible explauation of the facts of modem 
chemistry, and I shall next proceed to develop its fun- 
damental principles. I wish, however, before I begin, 
to declare my belief that the atomic theory, beautiful 
and consistent as it appears, ia only a temporary expedi- 
ent for representing the facts of chemistry to the mind. 
Although in the present state of the science it gives 
absolntely essential aid both to investigation and study, 
I have the conviction that it ia a temporary scaffolding 
around the imperfect building, which will be removed 
as soon as its uaefiilnesa ia imssed. I have been called a 
blind partisan of the atomic theory, bnt, after this dis- 
claimer, yoa will understand me when, during the re- 
mainder of this course of lectures, I ahall endeavor to 
present its principles as forcibly as I can. 
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In my last lectnre I stated that in a cliemical com- 
pound the qualities of tlie eonstitoents are wlioUy merged 
in those of the product, and tliat this circumstance dis- 
tinguishes a true compound from a mechanical mixture 
in which the qualities of each ingredient are to a greater 
or loss extent preserved. This distinction is one of 
very great importance in chemistry, and I will begin 
my lectui-e this evening by asking your attention to a 
Bimple experiment, which will recall the principal 
points of our discnssion at the last lecture and at the 
same time illostrato still other aspects of this impor- 
tant subject. 

I have prepared a mixture of finely-divided iron 
(iron reduced by hydrogen) and flowers of sulphur. 
The two powders have hcen rubbed together in a mor- 
tar until the mass appears perfectly homogeneous and , 
it is impossible with the unaided eye to distinguish the 
grains of either substance, and yet nothing is easier 
than to show that both are here wholly unchanged. 

For this purpose I will, in the first place, pour upon 
a portion of the powder some of this colorless liquid 
called sulphide of carbon, which dissolves sulphur with 
great eagerness. After shaking the two together we 
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find left on the bottom of our glass ljeal;er a quantity 
of a blact powder, wLieli, as the magnet shows at 
once, is iron. In the second place I will stir up 
another portion of the mixture with alcohol, using thiB 
liquid to hold the powder in suspension so that I can 
pick out the grains of iron with a magnet. Using this 
bar-magnet as a stirring-rod, I can thus readily wash • 
otit the sulphur from the iron which adheres to the 
magnet, and we recognize at once the yellow color as 
the particles of sulphur settle to the bottom of the jar. 
Having shown you now that both iron and sulphur 
are here present, with their qualities wholly unaltered, 
I will next tako a third portion of the powder, and, 
liaving made with it a small conical heap, apply a 
lighted match to the apex of the cone. A glow at 
once spreads thi'ough the whole mass, which is an evi- 
dence to me that a chemical change has taken place, 
and in that change the sulphur and iron have disap- 
peared. The mass has somewhat caked together, but 
■we can easily pulverize it again, and our product is 
then a blacli powder not differing very greatly in ex- 
ternal appearance from the original material. But fi'om 
this black powder the sulpliide of carbon can dissolve 
no Bulphur, and the magnet can remove no iron. 
,,^ The qualities both of the ii-on and the sulphur have 
'fiisappeared, and those of a new substance we call sul- 
,j>hide of iron have taken their place, and the only evi- 
dence we have that the material of the sulphur and the 
material of the iron are still here is the weight of the 
sulpliide of iron, which is exactly equal to that of the 
Sulphur and iron combined. So long as the sulphide 
of iron remains sidphide of iron, no scrutiny can dc- 
:tect in it either sulphur or iron, and we must have re- 
eourse to other chemical processes in order to repro- 
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duee these substances. In old times, before men had 
dearly eonceived that weight is the lueaBure of mate- 
rial, and that, as thas measiiFed, no mnterial is ever 
lost, it was supposed that in such esperunents as thia 
the substances involved underwent a mysterious trans- 
formation ; the essence of matter, whatever it might 
be, changing its di'css, and appearing in a new garb; 
and men reasoned, " If such transformations as these 
are possible, why not any others 'i " and hence centuries 
were wasted iu vain attempts to transform the baser 
metals into gold. Our present convictions that such 
transmutation is impossible are based on the knowl- 
edge we have obtained by following to its legitimate 
consequences the great principle established by New- 
ton ; when the weight remains, we are persuaded that 
the material remains. The weight of the sulphide 
of iron is exactly equal to that of the sulijliur and iron 
combined. Ilenec we conclude that every atom of the 
iron and every atom of the sulphur still remain in our 
product, the only difference being that, whereas, previ- 
ously, the atoms of the sulpliur were associated to- 
gether to form molecules of sulphur, and those of the 
iron to form molecules of iron, they are now associated 
with each other to form molecules of sulphide of iron. 
According to our atomic theory, then, in one seuso 
at least, chemical combination is only a mixture of a 
finer degree. If we place on the stage of a powerful 
microscope a portion of the powder with which we 
have just been experimenting, we can distingniah tlio 
grains of sulphur and those of iron, side by side; and 
so, according to our theory, if we could mate micro- 
scopes powerful enough, we should see in the sulphide 
of iron the atoms of its two constituents. But, nl- 
thongb, in this one respect, onr modern chemistry 
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f regards combination as merely a more intimate mix- 
ture, yet it recognizes a very gi'eat diiferenee between 
these two clasBea of products indicated by a most re- 
markable cbaracteristie, to which 1 have next to direct 
your attention. 
Chemical combination always takes place in certain 
definite proportiona, either by weight or measure. 
Thas we may mix together sulphur and iron in any 
proportion we choose, but when, on heating, combina- 
tion takes place, 56 grains of iron combine with just 32 
grains of sulphur ; and, if there is an excess of one or 
the other substance, that excess remains uncombine<l. 
If there is an excess of sulphur, there remains so much 
free Bulpliur, which we can dissolve out with sulphide 
of carbon ; and, if there is an excess of iron, there re- 
mains BO much metallic iron, which we can separate 
with a magnet. So is it, also, .in the combination of 

I oxygen with hydrogen to form water. Eight grains of 
oxygen o 1 n th exactly one grain of hydrogen, 
and any e f ther gfls remains unchanged, and 

in all ca e t hem al combinationand decomposition 
similar d fin t p i rtions are preserved between the 
weight of tl al constituents, which unite to form 

the compound, or result from its decomposition. 
It is an obvious explanation of this law of definite 
proportions that the small particles or atoms between 
which the union is assumed to take place, Lave a defi- 
nite weiglit ; in other words, are definite masses of 
matter. Now, the atomic theory supposes, in the com- 
bination of sulphur and iron, for example, that the two 
materials break up into atoms ; that an atom of iron 
I nnites with an atom of sulphur to form a molecule of 

^^^1 sulphide of iron, and that the union takes place in the 
^^^1 proportion by weight of 56 to 33, simply because these 
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^^H numbci's represent tlic relative wciglit of tlie two serfs ^^M 
^^1 of atoms (tlic atoms of tbe same substance being all ^^| 
^^M alike, and all Laving the same size and weight). In ^H 
^^H the case of water, for reasons which will hereafter ap- ^^M 
^^M pear, it supposes that two atoms of hydrogen combine _^H 
^^1 with one atom of oxygen U) form a molecule of water, ^^M 
^^H ~ and, since each atom of oxygen weighs sixteen times as ^^M 
^^B miich as an atom of liydrogen, the two substances must ^^M 
^^ combine in the proportion of 2 : 16, or 1 : 8, as stated ^H 
above. ^^M 

The principle we have been diseusaing is known in ^H 
^H^ chemistry as the law of definite proportion. It was ^H 
^^H first clearly stated by Wenzel and Kichter, in 1777, ^^M 
^^M and the atomic theory, although itself as old as phi- ^H 
^^H losophy, was first applied to the explanation of the law ^^| 
^^H by the English chemist Dalton, in 1807. Subsequent ^^M 
^^H discoveries have greatly tended to con^rm this theory, ^H 
^^H but, before we can appreciate their bearing on our sub- 
^^H ject, we must endeavor to grasp another of the ele- 
^^P mentary conceptions of our science. As in previous 
^^ cases, I shall not content myself with stating the truth, 

hut endeavor to show how it is deduced from observa- 
tion. 

(The study of chemistry has revealed a remarkable 
class of substances, from no one of which a second sub- 
stance has ever been produced, by any chemical pro- 
cess, which weighs less than the original substance. 
Let mo illustrate what I mean by a few experiments : 
The white powder which is countei-poised on the 
pan of this balance is called sulphocyanide of mercury, 
and has been used in the preparation of a toy called 
I Pharaoh's serpent. You have all probably seen the ex- 

^^^ periment, but perhaps have not observed the feature to ^M 
^^M which I wish to call your attention. As in the previ- ^H 
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OUB experiment, I Iiave made witli tlie powder a gmall 
conical lieap, and I will now apply tlie flame of a match 
to the apex of the eono. The mass takes fire and hums, 
bat, BO far from its being eonsnmed, there rolls up from 
it a great body of stufl- whose singular shape suggested 
the name of the experiment. 

It is certainly a most remarkable chemical change ; 
foFj from a small amount of white powder, we have 
produced this great volume of brown material. More- 
over, the conditions of the experiment are such that it 
is evident that tho material must liave been formed 
from the white powder. The only other suhstanco 
present is the atmospheric air, which, although it plays 
an important part in the change, conld not have yield- 
ed this singular product. Notice, now, that the prod- 
uct, voinminous as it is, weighs less than tho original 
substance. This is the feature of the^ experiment to 
which I wish especially to db'ect your attention, and 
the inference to be drawn from it is obvious. The sul- 
phocyanide of mercury has been decomposed, and the 
material of this brown mass was formerly a part of the 
materia] of this substance. 

Allow me next to recall to your minds the experi- 
ments we made in a previous lecture witli sugar. In 
these experiments the sugar was converted into charcoal, 
and the conditions were such that the charcoal must 
have come from the sugar, and from nothing else. 
Now, since the charcoal weighed less than the sugar, it 
was evident that the material of the charcoal wai 
part of the material of sugar, or, in other words, that 
one of tho conetitucnts of sugar is charcoal. As I 
then stated, charcoal was not tbe ouly product of those 
chemical changes. Water was also produced, and un- 
der =ueh conditions that the material of the water must. 
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have come from tlie mfttGrial of sugar, and from that 
alone. Hence, wc feci justified in concluding that a 
part of the material of angar is water ; and fijiding, 
further, that the weight of the charcoal and water to- 
gether is equal to that of the sugar, we also conclude 
that the material of sugar consists of charcoal and wa- 
ter, and of these substances only. 

So, also, in the experiment of decomposing water by 
an electrical current, it is evident that the hydi"ogen gas 
produced comes from the water, and, as the hydrogen 
obtained weighs far less than the water consumed, we 
conclude that a part of the material of water is hydro- 
gen. For the same reasons we conclude that a part 
of the material of water is oxygen ; and, lastly, since 
the weight of the oxygen and hydrogen together just 
equals the weight of tlie water, we conclude that the 
material of water consists wItoUy of hydrogen and oxy- 
gen. Lot me ask your attention now to still another 
experiment ; 

I have counterpoised on the pan of a second bal- 
ance a few grammes of that same finely-pulverized iron 
which we have ah'cady used in this lecture. In this 
condition metallic iron bui'ns in the air with the great- 
est readiness. We need only touch the powder with 
a lighted match when a glow spreads tlirough the mass 
as through tinder. Notice that the conditions of the 
experiment are such that no substances can concur in 
the chaoge except iron and air. As the result of tho 
change a new substance is produced, just as in tho 
other cases, and this substance we call oxide of iron. 
Is, then, this new substance a part of the material of 
iron, in the same sense that oxygen is a part of the 
material of water ! The only circuniBtance which 
points to a different conclusion is what the balance 
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I indicates. The iron liaa increased in weight, proving 
that material has been added to it, and not taken from 
it; and,-aa yon all know, the iron, ia bmiiiug, has 
combined with the oxygen of the air. Oxygea, then, 
id the material which has been added. 
Thifl exjjeriment illustrates a most remarkable truth 
ia regard to the substance we call iron. By various 
chemical procesaea we can produce from the metal hun- 
dreds of different aubstanccs, hut, in all cases, the con- 
ditions of the experiment, and the relative weight of 
the products, prove that material has been added to 
the iron, and not taken from it. By no chemical pro- 
cess whatever can we obtain from iron a eubstanco 
weighing less than the metal used in its production. 

I In a word, we can extract from iron nothing but iron. 
Now, there are si-xty-three {possibly sixty-five) dif- 
ferent substances of wliich this same thing can be said. 
From no one ot these substances have we been able to 
extract any material save only the substance itself. We 
are able to convert them into thousands on thousands 
of other substances ; but, in all cases, the relative 
weight of the products proves that material has been 
added to, not taken from, the original mass. To use 

»the ordinary language of science, we have not been 
able to decompose these substances, and they are dis- 
tlDguished in chemistry as elementary substances. 
Theao substances are frequently called chemical ele- 
ments, but our modem chemistry does not attach to 
this term the idea that these substances are primordial 
principles, or self-existing essences, out of which the " 
universe has been fasliioned. Such ideas were asso- 

I ciated with the word element in the old Greek philos- 

^^^Lophy, aud have been &equent1y defended in modem 
^^^Ktimes ; and, so far as the words element and element- 
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List of Elementary Substances'. 



Aluminum, Al, 27.5 

Antimony, Sh, 120.3 

Arsenic, As, 75 

Barium, Ba, 137 

Bismuth, Bi, 208 

Boron, B, 11 

Bromine, Br, 80 

Cadmium, Cd, 112 

Oaosium, Cs, 133 

Calcium, Ca, 40 

Carbon, C, 12 

Cerium, Ce, 93 

Chlorine, CI, 35.5 

Chromium, Cr, 52.2 

Cobalt, Co, 58 

Columbium, Cb, 94 

Copper, Cn, 63.4 

Didymium, D, 95 

Erbium, E, 112.6 

Fluorine, F, 19 

Glucinum, Gl, 4.7 

Gold, Au, 197 

Hydrogen, 11, 1 

Indium, In, 75.6 

Iodine, I, 127 

Iridium, Ir, 198 

Iron, Fe, 56 

Lanthanum, La, 93.6 

Lead, Pb, 207 

Lithium, Li, 7 

Magnesium, Mg, 24 

Manganese, Mn, 55 



Mercury, 


11?, ., 


.. 200 


Molybdenum 


, Mo, .. 


.. 92 


Nickel, 


Ni, .. 


.. 58 


Nitrogen, 


N, .. 


.. 14 


Osmium, 


Os, .. 


.. 199.2 


Oxygen, 


0, .. 


.. 16 


Palladium, 


Pd, .. 


.. 106.6 


Phosphorus, 


P, .. 


.. 81 


Platinum, 


Pt, ... 


. 197.4 


Potassium, 


K, .. 


. . 89.1 


Rhodium, 


Rh, ... 


. 104.4 


Eubidium, 


Rb, ... 


. 85.4 


Ruthenium, 


Ru, ... 


. 104.4 


Selenium, 


Se, . . . 


. . 79.4 


Silicon, 


Si, .. 


.. 28 


Silver, 


Ag, ... 


. 103 


Sodium, 


Na, ... 


. 23 


Strontium, 


Sr, . . . 


. 87.5 


Sulphur, 


S, ... 


. 32 


Tantalum, 


Ta, ... 


. 182 


Tellurium, 


To, ... 


. 128 


Thallium, 


Tl, ... 


. 204 


Thorium, 


Th, ... 


. 231.4 


Tin, 


Sn, ... 


. 116 


Titanium, 


Ti, ... 


. 50 


Tungsten, 


W, ... 


. 184 


Uranium, 


Ur, ... 


. 118.8 


Vanadium, 


Va, ... 


. 51.37 


Yttrium, 


Yt, ... 


. 61.7 


Zinc, 


Zn, ... 


.. 65 


Zirconium, 


Zr, . . . 


. 80.5 



ary suggest such ideas, they are unfortunate terms. 
Experimental science, which deals only with legitimate 
deductions from the facts of observation, has nothing to 
do with any kind of essences except those which it can 
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I Bee, smell, or taste. It ieavc3 all otliers to the metaphj- 
eieians. It knows no difference between elementary 
Bubstancea and any other class of substances, except the 
one already pointed out. No one can distinguish an 
elementary substance by any external signs. Sulphur 
and charcoal are elementary Bubstances, chalk and fiiiit 
■are compound substances ; but who would know the 
difference 3 And, seventy-five years ago, men did not 
^^^H know that there was any difference. Modern chemis- 
^^^K try has shown, by a process of reasoning precisely simi- 
^^^P lar to that which we have discussed, that out of fhe 
^^^ material of chalk we can obtain a metal called calcium, 
and out of flint a combustible substance called silicon ; 
while, from the material of charcoal or sulphur, we can 
educe no product but the same charcoal or sulphur 
again. Hence, wo say that the first are compound sub- 

t stances, and the last elementary; but, were a process 
discovered to-morrow by which a new substance was 
produced from tho material of snlpUur, wo should hail 
.at once the discovery of a new element, .and sulphur 
would be banished forever from the list of elementary 
substances. Yet the qualities of sulphur would not be 
changed thereby. It would still he used for making 
Bulphurip acid and bleaching old bonnets, as if nothing 
had happened. All this may seem very trivial, but 
there is no idea more common, or of which it is more 
difficult to disabuse the mind of a beginner in the study 
of chemistry, than tlie notion that there ia something 

I peculiar or imreal ahont what is called a chemical ele- 
ment ; and the conception that an element is a definite 
Bubatance, like any other substance, is usually the be- 
ginning of clear ideas on the subject. I hope I have 
been able to make this truth prominent, and also to 
impress the further truth that all our knowledge of the 
B_* 
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composition of matter is based on the fundaracntnTl 
principle that weight is the true measure of ciiiantity 
of material, which is simply the first postulate of tho 
law of gravitation. This great law of Nawton is thus 
the basig of modern cheniiBtry as much as it is of mod*^ 
em astronomy. 

We arc now prepared to accept intelligently the I 
following general propositions : 1. That all EuhEtances I 
may he resolved by chemical processes into one or I 
more of the sixty-three elementary substances ; 2. That I 
all snhstances not themselves elementary may be ro~ I 
garded as formed by the union of two or more element- J 
ary substances. Of conrec, tho second is merely the I 
reverse of the first, and is implied by it ; but the two ' 
represent tho two methods of proving tho constitution 
of substances, which we have called analysis and syn- 
thesis. Of these the analytical proof alone is universally 
possible. In by far the larger number of eases, how- 
ever, we are also able to effect the synthesis of anbstances 
by tmiting the elements of which they consist, bnt 
there ia still a considerjible number of substances which 
have never been produced in this way. 

Having acquired the conception of an elementary j 
BuliBtance, and of its chemical relations, we can now ] 
give to the law of definite proportions a more preciso J 
statement. As I have already said, the law is nni- 
veraal. It applies to all kinds of chemical changes, 
and to all classes of substances, elementary as well as 
compound. But elementary substances arc only 6U8- ' 
ceptible of that class of clianges we have called syn- 
thetical. They can eorabiac with each other, but they 
cannot be resolved into other substancea. Hence all 
the information in ro^^ard to theni, which the law, as 
thus far enunciated, gives us, is that, when they com^ 
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I bine, tlie union takes place in definite proportions by 
weight or Tolumc. But tliis is not all the truth. There 
Ib a ]a^ governing the definite proportions, and the 
proportions of the diiferent elementary substances 
which unite to form the various known eompoEnds 
are so related that it is possible to find for each ele- 
ment a number, snob, that, in regard to the. several 
numbers, it may be said that the elements always eom- 
I. bine in the proportion by weight of these numbers 

or of some simple multiples of these numbers. This 
,■ cupplement to the law of definite proportions is known 

Pas the law of multiple proportions; but, if we accept 
the atomic theory, both laws are merely necessary cou- 
sequencea of the constitution of matter which this the- 
ory assumes to exist. Let us, in the first place, under- 
stand fully the facts, and we shall then be prepared to 
|i consider their bearing on our theory. 

I In the list of chemical elements above there has 
teen placed against the name of each substance a num- 
lier which, for the present, using a term suggested by 
Davy, we will call its proportional number. Now, the 
eame elementary substances frequently combine with 
each other in several definite proportions, but these 
proportions, estimated by weight, are invarLably those 
of these numbers or of. their simple multiples. For 

example, there are two compounds of carbon and oxy- 

, which contain the relative number of parts, by 
iveight, of each element indicated below : 



Carbonic 031 de, 13 IG 

Oatbonio dioxide, 13 33 

There are five compounds of nitrogen and oxygen 
twhosS composition in parts, by weight, is as follows : 
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Nitrons oxide, . , 


2S 


10 orU: a 


Nitric oxide, . . . 


14 


l(i " 14 : 16 


Dinitrio trioiide, . . 


28 


48 '■ 14 : 24 


Nitrio dioxide. . . 


14 


83 " 14 : 32 


Dinitric pentoiiile, . 


28 


80 " 14 : 40 




KaguneK. 


Fluorfnp. 




FsiU b; weiehb 


Tnrli bf wdgbL 


MflrganooB fluoride, . 


. . C5 


38 =2x19 


Dimunganio iieiafluorid 


, . 55 


6T =3x10 


Manganic fluoride, . . 


. . 65 , 


78 =4x10 


Dimaugonio fluoride, . 


. . 05 


114 =Oxie 



Examples like these might be multijilicd indefinitely^ 
and tho law holds not only wlien two elements unite,'' 
but also when eeveral nnite in forming a compound. 

There is stilt auother property of these numbers 
■which must not be passed unnoticed, altliongh it is im- 
plied in what has already been said. The two num- 
bers, or their multiples, which express tho proportions 
in which each of two elements combines TPith a third, 
express also the proportions in which they unite with 
each other. Thus, 71 pai'ts of chlorine combine with 
either 32 parts of sulphur or with 56 parts of iron. 
So, in accordance with the law, 56 parts of iron com- 
bine with 32 of sulphur. Again, li parts of nitrogen, 
and also 381 (= 3 x 127) parts of iodine combine with 
3 parts of hydrogen, and so 14 parts of nitrogen unite 
with 381 of iodine. Lastly, cither 16 parts of oxygen, 
or 32 parts of sulphur, combine with 2 parts of hydro- 
gen, and so 33 parts of sulphur combine with either 
32 (= 2 X 16) parts, or with 48 (= 3 x 16) parts of oxy- 
gen. In the accompanying table these results are 
given in a tabular form : 
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3 parts of sulphur combino witli 71 parts of ohlorino. 



nitrogen " " 3x127 = 381 
liydrugtii " " 381 



osvgen 



" " " " 3x10 = 43 " " 

From tlie facts let us pass, fop a moment, to their 
bterpretation, and notice Low tliey at once suggest an 
atomic theory. To the question which the mind asks, 
"What mean those definite weights?" the suggestion , 
comes at once, they must mean definite masses of inat- 

^tcr; they miist bo the rchitive weights of those little 
masses we have called atoms. And see what a simple 
intei-pretation the atomic theory gives of this whole 
class of phenomena, Assuine that there are as many 
kinds of atoms as there are elementary substances ; that 
all the atoms of the same element have tlio same 
I Weight, and that the " proportional numbers " express 
Sio relative weight of the diff'erent atoms. Assume 
&irtlicr that combination consists merely in the union 
between atoms, and that chemical changes are deter- 
mined by their aggregation, separation, or displace- 
pient, and we have at once a clear conception of the 
tanner by which the remarkable results we have been 
aitlying may be produced. When two elementary 
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BiibstanceB combine, it must be tbat a Bingic atom, oF I 
Bouio defiuito number of atoms of one, unito with a I 
definite number of atoms of the other, and therefore 
the combination must take place either in the propor- 
tion of the relative weights of the atoms, or in some 
Bimplo multipleof that proportion. Horeover, when in 
any chemiual change a new grouping of the atoms takes 
place, the same relative proportions must be preserved. 
From the conception of the atom we naturally re- 
turn to that of the molecule, in order to discuss the 
relation between these two quantities, which otherwise 
■we should be liable to confound. Yon remember the 
physicist's definition of a molecule : " The small par- 
ticles of a Bubstance which act as units." The mole- | 
cules of hydrogen gas are the small, isolated masses of 
hydrogen, which move lite bo many worlds through | 
the space occupied by the gas, and, by striking against 'i 
the walls of the inclosure, produce the pressure which i 
the gas exerts. The molecules of water, in like man- 
ner, are the small masses which are driven apart by , 
heat, and become active in the condition of steam. 
The chemist looks at the molecule from a somewhat 
different point of view. To him the small masses are 
not merely centres of forces, but they are the partides 
in which the qualities of substances inhere. Thoy are 
the smallest particles of a Bubstance which can exist by 
themselves. So long as the integrity of the molecnlo 
is preserved, the subBtanec is unchanged, but, when the 
molecules are broken up or changed, new Eubstancea 
are the result. We can carry meebanical division no 
further than the molecule, but, by chemical means, wb 
can break up the molecules, and tlio parts of the mole- 
cule thuB brought to our knowledge 'are the atoms,. 
Take, for example, common salt : 
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The smallest particle of this salt wbicli has a Bait 
taste, and in general retains the qualities of salt, is the 
moleciile of salt. This molecule, as we know from the 
specific gravity of the vapor of salt, weighs 68.5 micro- 
critis. We also tnow by chemical analysis that, in 
every 5S.6 parts of salt, there are 35.5 parts of chlo- 
rine and 23 parts of sodium. Hence, a molecule of 
salt must contain 35,5 microcritha of chlorino aud 23 
mJcrocriths of sodium, and, in any chemical process in 
"which chlorine gas or metallic sodium is extracted 
from salt, each molecule must bo subdivided into these 
two parts. Now, both chlorine gas and sodium are 
elementary Bubstances, and our theory supposes that 
the numbers 35.5 and 23 represent the relative weights 
of their atoms. We, therefore, farther conclude that 
the molecule of salt is formed by the union of two 
atoms, one of chlorine and one of sodium. 

In- like manner, the molecules of every compound 
Bubstance are aggregates of atoms, of at least two atoms 
each. With the elementary substances it is different. 
There are many of these whose molecules arc never 
subdivided, and in such cases the molecule and the 
atom are identical, but there arc also several, of which 
*ho molecules can be shown to consist of two or more 
Thus, the molecules of phosphorus probably 
'consist of four atoms, those of oxygen of two atoms, 
and those of hydrogen, nitrogen, chlorine, bromiue, 
and iodine, likewise of two. 

Assuming that the molecule of hydrogen gas con- 
eists of two atoms as just stated, let us dwell on this 
fact for a moment as explaining oiu" system of estimat- 
ing molecular weights, which must havo_ appeared, 
■hen stated, very arbitrary. You remember that, ac- 
irding to the law of Avogadro, equal volumca of all 
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gasea contain, under the sarae conditions, tlio satnaJ 
number of moleailcs. Then, since a given volume ofT 
oxygen gas weighs sistouu times as mueli as the sam^'l 
volume of hydi'ogen gas, the molecule of oxygen mostn 
weigh sixteen times as mnch as the molecule of hydro- ■! 
gen ; and, if vro assumed the hydrogen-moleenle aB onr ' 
imit of molecular weight, the molecule of oxygen would 
weigh sixteen of those units. So, also, as nitrogen gas 
weighs fourteen times as mnch as hydrogen, the nitro- 
gen-molecule would weigh fourteen of the h 
units. Again, as chlorine gas weighs 35.5 times as.] 
much as hydrogen, a molecule of chlorine would weigh, j 
35.5 of the same units. But these numbers, 16, 14-,' J 
and 35,5, are simply the specific gravities of the several 1 
gases referred to hydrogen ; so that, if we took tha i 
hydrogen -molecule as the unit, the specific gravity of 
a gas or vapor referred to hydrogen would express the j 
molecular weight of the substance in these units. In.-| 
stead, however, of taking the hydrogen-molecule i 
our unit, we selected the half-hydrogen molecule forj 
that purpose, and called its weight a microcrith, thus, T 
of course, doubling the numbers esprcesing the moleo- , 
ular weights. Ten pounds have the same value aa j 
twenty half-pounds, and bo sixteen hydrogen-moleculearj 
have the same value as thirty-two microcriths ; an^3 
thus it is that, with the system in use, the moleet 
weight of a substance is twice the specific gravity re-J 
ferrcd to hydrogen. 

Now, you can understand the reason why the half J 
hydrogen-molecule was selected as the unit of moleeu- . 
lar weight, and made the microcrith. It was simply, j 
because the half-molecule is the hydrogen atom. The'l 
microcrith is simply the weight of the hydrogen atoni,j^ 
the smallest mass of matter that has yet been reeog-* 
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nizcd in science. The liydrogcn-molcculc consists of 
two atoms, and therefore weighs two microeriths. The 
oxygen-molecule weighs sixteen timea as much as the 
hydrogen-molecule, and therefore weighs thirty-two mi- 
croeriths. The specific gravity of carhonic-dioxide gas 
that is, it weiglis twenty-two timea as much as 
hydrogen. Its molecule is therefore twenty-two times 
as heavy as the hydrogen-molecule, and, of course, 
forty-foup microeriths. Hence, in general, the 
Bpeeiiic gravity of a gas referred to hydrogen is the 
wi^ght of the molecule as compared with the hydrogen- 
molecule, and twice the specific gravity of a gas re- 
ferred to hydrogen is the weight of its molecKlc in hy- 
drogen atoms or microeriths. 

But yon will ask : How do you know that the hy- 
drogen-molecule consists of two atoms, and, in gen- 
eral, how can you determine the weight of tlie atom of 
an element 'I This is a very important question for " 
our chemical philosophy, and I will endeavor to answer 
it in the next lecture. 




As I Btatcd in my last lecture, I am to ask your at- 
tention at tlie outset this evening to a diBcnssion of the 
rfletliod by which the chemists have succeeded in fixing 
what they regard as the weights of the atoms of the 
several elements. This method is based, in the fii-st 
place, on the principle that the molecular weight of a 
substance can bo directly inferred from its specific 
gravity in the state of gas or vapor, the weight of tho 
molecule of any substance in microcriths being equal 
to twice tho specific gravity of the gas or vapor referred 
to hydrogen. This point has been so fully explained 
that it is unnecessaiy for mo to enlarge upon it further. 

In the second place, our method is based on the 
principles of what we call quantitative analysis. I 
have ah'eady stated that the chemists have been able 
to analyze all known substaneee, and to determine witli 
great accuracy tho exact proportions of the several ele- 
mentary substances which are present in each. Tho 
methods by which these results are reached are, for 
the most part, indirect, and frequently very compli- 
cated. They are described at great length in the 
works on this very important practical branch of our 
science, but it would be impossible to give n t-lcar it 
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of them in thia connection. It may be well to eay, 
Uowcver, that, in order to analyze a Bubetance, it is not 
necessary actually to extract the several elementary 
enbatances and weigh them. Indeed, this can only 
very rarely be done, bat we reach an equally satisfac- 
tory result by converting the unknown substance into 
compounds whose composition has been accurately de- 
termined, and from whose weight we can calculate the 
weights of their elements. 

Tor example, if we wished to determine the amount 
of sulphur in a metallic ore, we should not attempt to 
extract the sulphur and weigh it. Indeed, we could 
not do 80 with any accuracy ; but we should act on a 
given weight of the ore, say 100 grains, with appropri- 
ate agents, and, by successive processes, convert all the 
enlphur it contained into a white powder called baric 
sulphate. Now, in accordance with the law of definite 
proportions, the composition of baric sulphate is invari- 
able, and we know the exact proportion of sulphur it 
contains. Hence, after weighing the white jiowder, 
we can calculate the amount of sulphur in it, aU of 
which, of course, came from the 100 grains of ore. 

Evidently, this method assumes an exact knowledge 
of the amount of sulphur in baric sulphate, which must 
have been determined previously. This was, in fact, 
found by converting a weighed amount of sulphur into 
baric sulphate, and, in a similar way, most of our 
methods of analysis are based on previous analyses, in 
which the definite compounds, whose composition we 
now assume is known, were cither resolved into ele- 
ments or were formed synthetically from the elcmcuta. 

As the rcBult of such processes as this, we have the 
relative amounts of the several elements present in the 
Bobstanee analyzed, and it is. usual to state the result 
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in per cents. Tbus, the analTees of water, salt, i 
sugar, give the resolte. stated below : 




Carbon . . . 
liyilrogcD... fi.60 | 
Oivgen 61.44 



UndersLinding, then, that we are in possession c 
tneoQS of determining accurately the weights of tlie 
molecoles of all volatile componnds, and ako the ex- 
act per cent, of any element which each substance con- I 
tain@, we can readily comprehend the metliod employed ' 
for finding the weight of the atom. Let it be the 
weight of the oxygen atom which we wish to deter- 
mine. We compare all the volatile componnds of oxy- 
gen as in the diagram (p. 125). We take the epecifie 
gravity of theii" vapors with reference to hydrogen, and, 
doubling the number thus obtained, we have the molec- 
nlar weights given in the column under this heading. 
The analyses of these substances inform us what per 
cent, of each consists of oxygen. Hence, we know how 
much of the molecules consists of this element. Tha 
weight of oxygen in each molecule is given in the last 
column, estimated, of course, like the molecular weights, , 
in mierocritba. Having thus drawn up our table, let 
me call your attention to two remarkable facts which ' 
it reveals. 

Notice, first, that the smallest weight of oxygeu in 
any of these molecules is 16 m.e. ; and, secondly, that 
all the other weights are simple multiples of this. 

Hero, certainly, is a most wonderful fact. Ee- J 
member that these numbers, which arc displayed liere 1 
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BO largely, are the results of laborious investTgatlona. "] 
Each one of them represents ihe result of wee 
quently of months, of labor. The molecular i 
were obtained by actually weighing the vapor of each 
gaa, and thus finding its specific gravity ; the quan- 
tity of oxygen by analyzing each substance, and thus 
finding the per cent, of oxygen whieli it contained. 
Remember that the work has been done at different 
times, and by many different men, working wholly in- 
dependently of each other, and with no view to such a 
result. Now, all this work done, and the results all 
brought together, it appears that the molecule of every 
known oxygen compound contains either 16 raicro- 
critbs of oxygen or some simple multiple of this quan- 
tity. It ia impossible that this should be a chance co- 
incidence. That invariable repetition of 16 microcriths 
must have a meaning, and the only explanation we can 
give is, that it is the weight of definite particles of oxy- 
gen, which wc call atoms. In other words, then, 1ft ( 
microcriths, the smallest weight of oxygen known to ' 
exist in any molecule, must he the weight of the oxy- 
gen atom. In all those molecules, which contain 16 
m.e. of oxygen, there ia, then, 1 atom of oxygen ; ia 
those which contain 32 m.c. of oxygen, there are 2 ; 
and, in those which contain 48 m.c, 3 atoms, and so 
on. Notice also, in this connection, that the molecula 
of oxygen gas itself weighs 32 ni.c., and is, therefore, 
twice as heavy as the atom. In other words, the mole- 
cule of oxygen gas consists of two atoms, and tliis is ona ) 
of the cases referred to in the last lecture, in which the 
molecule of an elementary substance is not the same aft 
tlio atom. 

Take, now, another elementary substance — chlorine. 
Here we have a list of some of the volatile compauiic^.J 
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of this element. Aa before, the molecular wciglits an- 
nexed were determined by dowtliug the known specific 
gravities of the vapors of the several anbetanees, and the 
reight of chlorine in each molecule waa calculated from 
the resnlta of oft-repeated analyses. Notice that the 

IsmaUeat weight of chlorine in a molecule ia 35.5 micro- 
criths, and that the other molecules have either the same 
weight or a simple multiple of it. This number, 35.5, ' 
appears here with the same conatancy as the number 16 
in the previous table. As before, this constancy cannot 
be an accident. These 35.5 mieroeriths of chlorine 
must be definite masses of the elementary aubatanee, 
.which retain their integrity under all conditions, and 
are not subdivided in any known chemical changes, and 
tliesQ wonderfully minute but definite massea are what 
we call the chlorine atoms. The atoms of elilorino, there- 
fore, weigh 35.5 microcritha. Hence, the molecule of 
liydrochloric acid contains one chlorine atom, the mole- 
cule of pliosgene gaa two auch atoma, the molecule of 
boric chloride three, that of silicic chloride four, and 
that of almninie chloride sis. Lastly, as in the case of 
o^gen, the molecule of chlorine gaa is twice aa heavy 
as the atom, or, as we say, consists of two atoms- 
Consider, now, the facts in regard, to volatile cora- 
poutida of carbon as they are shown in the next dia- 
I gram. Hero we have a aimilar constancy in the repo- 

^^^K tition of the nmnber 12. Twelve mieroeriths is the 
^^^ft smallest quantity of carbon contained in the molecule 
^^^F of any compound of this element whoac molecular 
weight has been determined ; and all molecules of car- 
bon compounds, whose weight is known, contain either 

I 13 mieroeriths of the elementary substance, or else 

^^^H eomo whole multiple of 12 microcritha. Again the 
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Kydrochloric acid . . 
Iljdrobroniic acid . . 

Ilydriodio add 

Hydrocyanic acid . . 

Water 

Hydrio sulphide. . . . 

Hydric solunide 

Formio acid 

■ Ammonia gaa 
Hydric phosphide.. . 
Hydric orBenide 
Acetic acid 
Olefiant gaa 

Marah-gaa 

Alcohol. 

^H Hydrogen gaa 
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■ derful constancy i Does any one suspect tbat it may 
be a fiction of onr scientific theorizing— a mere play 
with numbers 1 Let him only acquaint himself with 
the facts, and he will find how groundless his Buepieion 
is. The evidence of these fiiuts is far stronger than 
would appear from our table. The number of volatile 
carbon compounds is very large, and our list might 
iiave been greatly extended. It must also be constant- 
ly remembered, as I have said, that these tables em- 
body the result of a v:iet amount of experimental labor 
— labor, I may add, without price, and whose only ob- 
ject was the truth. Now, all this labor done, the^p 
wonderful results appear. We must explain them ; 
and the only explanation we can give is, that the mole- 
cules of these carbon compounds are fonned of small 
masses of the elementary substance which weigh twelve 
microcriths, and these small masses are the carbon 
atoms. 

Before leaving the subject, let mc call your atten- 
tion to one other table, in which similar facts in regard 
to the volatile compounds of hydrogen have been col- 
lated. Like the last, this table might have been great- 
ly extended ; but a sufficient number of facta have been 
collected to show that the smallest quantity of hydro- 
gen, in any molecule, weighs one microcrith, and that 
the quantities of this elementary substance in the mole- 
cules of its various compounds are in all eases whole 
multiijlcs of this small mass, which we call the hydrogen 
atom. The hydrogen atom, then, weighs one micro- 
crith, and the several molecules contain as many hydro- 
gen atoms as they contain microcriths of hydrogen. 
Hence, the molecule of hydrogen gas, which weighs 
two microci-iths, consists of two atoms. The hydrogen 
atom is the smallest mass of matter known to science, 
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and I hope yon can now appreciate the reason why ft 1 
has been clioseu as tlic unit of molecular and atumie J 
weights, I alfio Lope that I liave been able to con- ] 
Tince you that it is a definite maBs of nuitter, and that f 
we have as mncb right to name it a microerith as to 1 
call a certain mass of metal a grain, or another mass & I 
pound. 

In a similar way the wcigbta of the atoniB ofBereral ] 
of the other elementary Bubstances have been deter- 1 
mined; but the method is not universally applicable, 
for there are many of the elementary substances which ' 
4p not yield a sujflicient number of volatile bodies to 
enable us to fix the molecular weight of aa many of 
their compounds as would be required to make our 
conclusion trustworthy. In such cases, however, we 
have otlier methods of finding the molecular weight, ; 
which, although not so fundamental or so simple as 
that based ou the specific gravity of the vapor, give for 
the most part sittisfactory results. These methods, 
however, would not be intelligible at the present stage 
of our study.' 

I trust we arc all now prepared to understand the 
significance of the numbers, which, in the table of 
chemical elements (on page 112), are associated with the 
names of the elementary substances. 

' The molecular weiglils giTcn in the fablea on pages 125 nnd 128 ore ' 
not in moal; cases the exact vn'ucs, wliicb itould bo obtained by doubling 
the Bpecific graviliea Bctuallj found by esperinicnt, but they are thoso 
Talues corrected by the methoda alluded to above. Tho subject is com- 
plej, involving the relative value and degree of accuracy of two kinds of 
cxperimentitl eTidcnce, and its premature diBcussioD at this time would 
only Hcrve to confuse the reader. It is Bufficient for the present to sayy 
that the correetioQ here referred to doea not in the leaal di^ee invali- 
date the concluuona we have drawn from the tables, and this will be seen 
to be the ease trhun the sul^ect ia fuUy understood. 
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These numlers rep-esent the weights of tlie several 
aU»7ie in m-ieroeritha. 

As I have eaid, tiie idea that the atoms are isolated 
masseB of matter may be a delusion, and so, as I have 
also intimated, we may doubt whether the magnitudea 
in optics, known as wave-lengths, are the lengths of 
actual ether-waves ; but, just as these magnitudes are 
definite values, on which we can base calculations 
■with perfect confidence, although the form of the mag- 
nitude may not be known, so the atomic weights are 
invariable quantities, whoso relative values are as well 
established as any data of science ; and, however our 
theories in regard to them may change, they must al- 
ways remain the fundamental constants of chemistry. 
On these data are biised all those calculations by which 
we predict the quantitative relations of chemical phe- 
nomena, and, starting from the new stand-point which 
they furnish, we shall now proceed to develop still 
further the philosophy of our science, 

But, before we go forward, let me call your atten- 
tion to a very striking coincidence, which greatly tends 
to confirm the general correctness of the results we 
have reached : 

Ton are well aware that the amount of heat re- 
quired to raise the temperature of the same weight 'of 
material to the same degree diifers very greatly for dif- 
ferent substances. In order to secure a standard of 
reference, it lias been agreed to adopt, as the vnit of 
heat, tlie amount of heat-energy required to raise the 
temperature of one pound of water one Fahrenheit de- 
gree, or, in the French system, one kilogramme of 
water one centigrade degree. As water has a greater 
capacity for heat than any substance known (except 
hydrogen gas), it requires only a fraction of a unit of 
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0.9408 
0.3334: 
0.24B9 
0.2143 
0.18B7 
0.17Te 
0.1 096 
0.1217 
0.1138 
0.1108 
0.1073 
0.0951 
0.0955 
O.08U 
0.0761 
0.0843 
0.0722 
O.OB80 
0.0593 
0.0570 
0.0567 
0.0563 
O.O508 
0.0541 
0-0474 
0.0334 
0.0324 
0.0324 
0.033G 
0.0311 
0.0319 
0.0335 
0.0314 
0.0308 
0.2500 
0.1469 
0.2003 
0.2416 
0.1774 
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23. 

24. 

27.5 
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82. 

89. 
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200. 
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6.85 ^H 

^H 

^H 
^H 
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^H 

6.93 ^H 

6.0T ^H 

6.38 ^H 
6.45 ^H 
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I beat to raise the temperature of one pound of any oth- 
er substance one degree. This fraction is called the 
specific heat of the euhstancc, and its value has been 
detemiined experimentally, with great care, for a very 
large number of substances, including most of the 

I elementary substanceB. In the second column ia the 
table on the opposite page we have given the specific 
heat of more than one-balf of the elementary sub- 
iBtances. We owe these results to Kegnault, and his in- 
Testigations on this subject are among the most impor- 
tant of the many valuable contributions to science of 
ithis eminent French physicist. As the specific heat of 
9 Bubstance in different states of aggregation often va- 
lies very greatly, only the results obtained with the 
elementary substaneea in the solid state are here given, 
and the numbers in each case stand for the fraction of 
a unit of heat required to raise the temperature of one 
pound of the solid one degree. The figures in the 
second column of our table ai-o the atomic weights of 
the elements, and those in the third column the prod- 
ucts obtained by multiplving these weights by the spe- 
cific heat. Notice how constant this product is. It 
varies only between 5,7 and 6.9, and there aro strong 
^^Teasons for believing that the variations depend on dif- 
^^nbrences in the physical condition of the elementary 
^^P^bstances. "We know that this condition very greatly 
influences the thermal relations of solid bodies, and, if 
the substances could be compared in precisely the same 
Btate, it is possible that the above product would be 
l&and to be absolutely constant, the most probable 
ralue being 6.34. Only three solid elementary sub- 
tnnces are known the product of whose atomic weight 
y the specific heat does not fall within the limits as- 
signed above, and these are the different forms of ear- 
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bon, boron, and silicon, all cleraents remarkaljle for tli( 
wide differences between tlie pliysieal coiidilioBS 
which thej are known, 

What, now, can be the explanation of the remark- 
able law which the table presents to onr notice? The 
usual explanation is, that the atoms of the difi'erent ele- 
ments have the same capacity for heat, and hence, that 
masees of the elementary substances containing the 
eame number of atoms must have the same capacity for 
heat when under similar physical conditions; the con- 
stant product being the amount of heat required to 
raise the temperature of such masses to the same de- 
gree. If, for example, it requires the same amount of 
heat to increase by one degree the temperature of either 
56 m.e. of iron (one atom) or 200 m.c. of mercury (also 
one atom), it will also require equal amounts to raise 
the temperature of 56 pounds of iron and 200 pounds 
of mercury one degree; and hence 56x0.1138 (the 
specific heat of iron) must be equal to 200 x 0.0319 (the 
specific heat of mercury). — ^You will remember, of 
courso, that the decimal in each case represents th» 
fraction of a unit of heat required to raise the tcmpentf ! 
ture of one pound one degree. 

Bnt, all theorizing apart, an agreement like this can-' 
not be the rcsnlt of accident ; and, even if we cannot 
explain the law, the very coincidence gives us gi'eat 
confidence in the values of the atomic weights we havo 
adopted. 

Let us now, for a moment, recapitulate. All sub*, 
stances are collections of molecules, and in these mole* 
enles their qualities inliere. What la true of the Bub- 
Btanee is true of the molecule. The molecule is an ag- 
gregate of atoms ; sometimes of atoms of the same kin^ 
aa in elementary substances, sometimes of atoraB of 
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different kinds, as in compound enbstanccs. Tlie mole- 
cules are deatructible, while the atoms are indestrueti- 
lile ; and cliemical change consists in the production of 
ncwmolecnlea by the rearrangement of the atoms of 
former ones. Such, then, are our conceptsona of the 
constitution of substances, and I next proceed to show 
bow we are able to represent this constitution by 
means of a most beautiful system of notation, with 
which yoa must bo all more or lesa familiar, under tho 
name of chemical eymbola. 

Just as in algebra letters are used to represent 
quantities, so in chemistry we use the initial letters of 
the Latin name of the elementary substance to repro- 
Ecnt that mass of each element we call an atom. Thus, 
O represents one atom of oxygen, N" one atom of nitro- 
gen, one atom of carbon, CI one atom of chlorine, 
Cr one atom of chromium, F one atom of Fluorine, Fo 
one atom of ferrum (iron), S one atom of snlphor, Sb 
one atom of stibium (antimony). By using the first let- 
ters of the Latin names, a uniformity has been secured 
among all nations, the convenience of which is obvious, 
and it is only in a few cases that tho Latin initial dif- 
fers from the English. These symbols necessarily rep- 
resent a definite weight, that is, the weight of the atom. 
O stands for 16 microcriths of oxygen, for 12 micro- 
criths of carbon ; and, in each case, the symbol stands 
for the atomic weight given in our table (page 112). 
In order to represent several atoms, we use figures 
placed, like algebraic exponents, above or below the 
Bymbol. These exponents do not, as in algebra, in- 
dicate powers, but only multiples ; tlius, Oj means two 
atoms, or 33 ra.c. of oxygen, Co six atoms, or 72 m.c. 
carbon, and so on. 
Having adopted this simple notation for the atom. 
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wc easily represBnt a moloculo by WTiting togctlicr tLo 
Bymbols of tlic atoms of which it consists, indicating 
the uninbcr of each kind of atoms by figures, as above. 
A molecule of water, for example, cousiBts of threo 
atoms, two of hydrogen and one of oxygen. Ileneo, 
its symbol is IIsO. This symbol shows, not only that 
the molecule consists of three atoms, as just stated, but 
also that it contains 3 m.e. of hydrogen and 16 m.c. of 
oxygen, Fiu'ther, it shows that the molecule of watei" | 
weighs 18 m.c. If we wish to represent several molo- j 
cules of water, we place a figure before the whole sym- 
bol. Thus, 2IIjO represents two molecules of water, 
511,0 five molecules of water, etc. Now, since, in all 
chemical relations, what is true of the molecule is trnc 
of the substance, this symbol may be regarded as the 
symbol of water, and is constantly spoken of as such. 
Again, a molecule of alcohol is known to consist of two 
atoms of carbon, six atoms of hydrogen, and one of 
oxygen. Ilencc, the symbol of the molecule is C^S^O. 
This symbol informs the chemist that a molecule of al- 
cohol contains 2 atoms or 24 m.c, of carbon, C atoms 
or 6 m.e. of hydrogen, and 1 atom or IC m.c. of oxy- 
gen. It also shows that the total weight of the mole- 
cule is i6 m.c. Several molecules of alcohol are in- 
dicated by the use of coefficients, as before — thus ■ 
SCjIIjO, etc. Tliia is the whole of tlie system, and you 
Bce how beautiful and simple it is. The single letters 
stand for atoms, and the terms formed by the grouping 
of the letters stand for molecules, and the very possi- 
bility of the system is in itself a very strong proof that 
molecules and atoms really exist. 

Before proceeding to show how admirably this 
system is suited to express chemical changes, let me 
ask your attention for a moment to the nature of the 
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I evidence by which the symbol of a, Eiibstunee is fixed ; 
for, although this evidence is precisely of the same kind 
as that on whit;h the atomic weights of the elementary 
Bubstances rest, yet the principles involved are eo im- 
portant that a brief restatement of the evidence, as it 
bears on the present problem, seems almost necessary 
for a clear understanding of the subject. The question 
is tliis : "What is your proof that tho symbol of alcohol, 
for example, is CjHeO, or, in other words, that this 
symbol represents the constitution of a molecule of al- 
cohol 'i The evidence is — 

1. We know by experiment (page 79) that the spe- 
cific gravity of alcohol-vapor referred to hydrogen is 

, Hence, since, by Avogadro's law alcohol-vapor 
and hydrogen gas have in the same volume the same 
nnmber of molecules, the molecule of alcohol is twenty- 
three times as heavy as the molecule of hydrogen gas ; 
and, further, since by assumption the hydrogen-mole- 
cule weighs 2 m.c, tlie alcohol-molecule weighs 46 m.c. 

2. We have analyzed alcohol, and know that it has 
the following composition : 

Analysis of Alcohol. 

Carbon 52.18 24 m.o. 

IlydroRen 13.04 6 " 

Osygen 34.78 10 " 

lUO.OO 48 " 

Ilenec, of the molecule of alcohol 52^\ per cent., 
' OP 24 parts in 46, consist of carbon, 13y^ per cent., 
I or 6 parts in 46, consist of hydrogen, and 34y'y\r, or 16 
I parts in 46, consist of oxygen. The whole adds up, as 
you see, 46, showing that we have done our sum cor- 
( Toctly. 
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Analysis, then, provea that, of the molecule of alco- 
- hoi weighing 46 m.c, 2i m.c. are cardoa, 13 m.e. are 
hydrogen, and 16 m.c, arc oxygen. But the weight of 
an atom of carhon is 12 m.c, hence the molecule con- 
tains two atoms of carbon, or Cj ; the weight of an atom 
of hydrogen is 1 m.c., hence the molecule contains 6 
atoms of hydrogen, or Hg; the weight of the oxygen 
atom is IG m.c, hence the molecule contains one atom 
of oxygen, or O, and the symbol is C,HaO. 

Again, why is the symbol of water HjO i 1. The 
specific gravity of steam refen-ed to hydrogen gas is 9, 
hence the weight of a molecule of water in mierocritliB 
is 18. 2. Analysis shows that water has the following 
composition in 100 parts : 

Analysis of Water. 

PerMnt ComposMonof 

Iljdrogon 11,11 2 m.c. 

Osygen 88.89 1 G " 



WeliDOw, then, that, of tlio molecule weighing 18 
m.c. of water, ll^Va- P^"" cent., or 2 m.c, consist of 
hydrogen, and 88^ per cent., or 10 m.c, consist of 
oxygen. But 2 m.e. of hydrogen equal 2 atoms, or 
Hj, and 16 m.c of oxygen 1 atom, or O. Hence, the 
symbol is H^O. 

Ton see how Biniple is the reasoning and liow defi- 
nite the result ; and, unless our whole theory in regard 
to molecules and atoms is in error, there is no more 
doubt that the symbol of water should be wi'itten HjO, 
than that this familiar liquid consists of oxygen and 
hydrogen gas. 

But many of my audience will remember that^ i 
when they studied chemistry, the symbol of water waa J 
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HO, and will ask, Why tbis cLangc 3 I answer : Thia 
difference is of a type with the whole difference be- 
tween the old and the new schools of chemistry. In- 
deed, the two aymbola mny be regarded as the shibbo- 
leths of the two systems. In the old system, the sym- 
bols simply stood for proportions, and nothing else. 
The symbol H meant 1 part by weight of hydrogen, 
and O 8 parts by weight of oxygen ; and 110 meant 
a compound, in which the two elements were com- 
bined in the proportions of 1 to 8, which is as trne of 
water now as it was then. In the old system, the spe- 
cial form of the symbol, whether H^O, HO, or HOj, 
had no significance, for this was determined by the ar- 
bitrary values given to the letters. There is a second 
compound of hydrogen and oxygen called hydric perox- 
ide, in which the elements are combined in the propor- 
tion of 1 of hydrogen to 16 of oxygen ; and, had the 
chemists of the old school assigned to the symbol O the 
Talne 16 instead of 8, then the symbol of hydric per- 
oxide would have been written HO, and that of water 
HjO ; and the only reason usually given for making O 
represent 8 parts of oxygen instead of 16 was, that 
water, being very widely diffused in Nature, and the 
most stable compound of the two, ought to be repre- 
sented by the simplest symbol ; or, in other words, that 
the ratio between the quantities of oxygen and hydro- 
gen, which it contains, ought to bo taken as the type 
ratio between these elements. 

Thia reasoning was as unsatisfactory as it has 
proved to be unsound. It might justly have been said 
that the system, although artificial, was consistent in 
itself, and that it better suited the requirements of the 
system to assign to oxygen the proportional number 8, 
than to select a multiple of that number. Indeed, thia 
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was the light in which the whole scale of proportional 
numbers was regiirded hy a large majority of the stu- 
dents of chemistry during the first hnlf of this i 
tury ; and it is only necessary to state that the German 
chemists, following the lead of Eerzelius, used for years 
s, scale in which oxygen was taken as 100, in order to 
Bhow how purely arbitrary the actual numbers ■s 
considered to he. The only truth that the numbers 
were believed to represent was the law of definite and 
mnltiple proportion ; and, so long as the true propor- 
tions were preserved, any scale of numbers might be 
used which eaited the experimenter's fancy. 

It is, however, perfectly true that, in selecting one 
of several multiples, which might be used for a given 
element in a given scale, the decision of the chemist 
was not unlrequently influenced by the very ideas 
which now form the basis of our modem science ; aa is 
shown by the fact that the proportional numbers of 
Davy and Berzelius were called chemical equivalents 
by Wollaston, and atomic weights by Dalton and hia 
pupils. But, then, the truths, which these terms now 
imply, were never fully conceived or consistently car- 
ried OQt. The atomic weights of the new system are 
the weights of real quantities of matter, the combining 
numbers of the old system were certain empirical pro- 
portions. So is it in other particulars, nnd the dificr- 
ence between the new school and the old is really the i 
difference between clear and misty conceptions. 

Our modem science is a philosophical system, based 
on ideas distinctly stated and consistently developed. \ 
The chemists of the old school can hardly be said ta j 
have had a philosophy, but they liad an admirable no- 
menclature, which was almost as good as a philosophy,, 
and served to classify the facts while the fundamental ] 
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principles of the science were being bIowIj developed. 
It was, of course, to be expected that the fundamental 
ideas of our science should be conceived separately and 
at first only imperfectly ; and it was not nntil clear and 
definite conceptions had been reached, and the rela- 
tions of the several ideas clearly understood, that a 
philosophy of chemistry was possible. Of course, we 
are far from believing that the ideas, now prevaihng, 
are necessarily true, and it is perhaps to be expected 
that our modern school will share the same fate as that 
which preceded it ; but we do believe that the coming 
aystera, whatever it may be, will be based on equally 
clear conceptions, and that, in attempting to clarify our 
ideas and realize our conceptions, we are following the 
right path, and making the only satisfactory progress. 

Before closing tlic lecture, it only remains for me to 
show how tbe system of notation I have described may 
bo used to express chemical changes, and 1 can best 
illustrate this use by applying it in a practical exam- 
ple. The experiment I have selected for the purpose 
must be familiar to every one in some form or other. 

In the first place, we have in this large glass vessel 
•s white, pulverulent solid, familiarly called soda. The 
diemists call it sodie carbonate. It eonsiste of mole- 
■eules, which are each formed of six atoms, two of a 
metal called sodium, one of carbon, and three of oxy- 
gen. Hence, the symbol is NaaCOa. In the second 
.place, we have in this pitcher a liquid well known in 
eoramerce under the name of muriatic acid. It is a 
i-aolution in water of a compoimd which is called in 
emistry hydrochloric acid. Ilydroehlorie acid itself, 
as I shall show you at the next lecture, is a gas 
iSJ times as heavy as hydrogen ; hence its molecular 
'eight is SC^— and its molecules, as is well known, con- 
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siat of one atom of clilorine and one of hydrogen. 

Its symbol id then IICI — and the condition of aqucoaa 
solution we may cxprees by the addition of the letters' 
Aq,the initial of aqua, tho Latin name of water — thus 
HCl+Aq. 

On pouiing the acid upon the soda, tlierc is at once 
a violent clfervcscenee ; and a largo quantity of gaa is 
evolved, whicli will soon fill the glass jar. The old 
substances disappear, and new substaneea are formed. 
This, then, is a chemical change. Such a change, in 
the language of cliemiatry, is called a reaction. The 
subataoces taking part in the change are called the fac- 
tors, and the substances formed are called the products 
of the reaction. 

In the present example, the factors aro sodic car- 
bonate, hydrochloric acid, and water. What are the 
products i 

First of all, we have a large volume of colorless 
gas, and not only a large volume, but also a veiy con- 
siderable weight, since, for a gas, it is quite a heavy 
substance. In old times this product of the process was 
wholly overlooked ; but I can easily prove to you that ' 
there is a no inconsiderable amount of material in the 
upper part of this glass vessel, although in an invisible 
condition. First, by lowering a lighted candle into the 
jar, I can show that the air has been displaced by a 
medium in which the candle will not burn. Li the 
second place, by dipping oiit some of the gas and pour- 
ing it into this paper bucket, I can make evident that 
its weight is appreciable : You notice that the end of 
the balance-beam to which the bucket is suspended 
immediately falls; and see, also, liow these candles are 
extinguished, as the heavy gas from my dipper flows 
down on the flames. Lastly, by repeating the experi- 
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■tQent on ft smaller eealc in front of the lantern, and 
projecting the image of the small glass vessel, we here 
use, on the screen, I can make the current of gas yiaible 
as it flows over the lip. 

This aeriform material is nofr called in chemistry 
carbonic dioxide, bnt jou are more fcmiliar with it un- 
der the old name of carbonic acid. It is the chief prod- 
Mci of the burning of coal and wood ; and, when you 
are told that e?ery ton of coal burned yields 3| tons of 
this gas, yon can conceive what immense floods are be- 
ing constantly poured into the atmosphere from the 
throats of our chimneys. It is also being continually 
Formed, and in still greater amounts, by the processes 
if respiration, fermentation, and decay. Although fa- 
miliarly known only in the state of gas, it can readily 
be reduced by pressure and cold to the liquid condition ; 
and, when in this condition, is easily frozen, forming a 
transparent solid like ice, or a loose, flocculent material 
snow, under difi'erent conditions. It is a com- 
lund simply of carbon and oxygen, and no fact of 
imistry is better established than that every mole- 
la of this gas consists of one atom of carbon and two 
itoms of oxygen. Hence its symbol is CO^. 

The presence of the other products formed in our 
;pcriment I cannot make so readily evident to you, 
[though they are really far more tangible than' this 
_ One of them is water, which at once mingles 
with the large body of water used in the experiment. 
The other is uommon 'salt. This dissolves, as it forms, 
the water present ; but, after the reaction is ended, 
can easily he isolated by evaporating the brine. We 
"' 6tart the process, so that any one who is skeptical 
satisfy himself, by tasting tlio residue, that common 
■t haa been really formed. 
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Common salt is composed of a metal, sodium, am 
clJorino gas. Its molecules are known to consist, eai 
of an atom of sodium and an jy:om of cLlorine. Hem 
its Bjmljo] is NaCl. ^ 

Let us now write the factors of this reaction op] 
site to the prodneft, so that we can compare them 

Na,CO. nc] NaOl H,0 C0,.» 

Sodio nrdrooblorlo Sodle ChloridB, or Water, Ctrtmnio 

Carboiuta. Acid, Cumniun Slit, Dlulds. 

Now, let me remind you of a simple principle, 
which we must apply in interpreting this reaction. 
No material can he lost. These atoms are indestructi- 
ble, so far as we know. If, then, we have here all th( 
factors and all the products (and there can be no doubl 
whatever on this point), there must he Just as man; 
atoms of each element in the products as there are 
the factors, and vice versa. Now, there are two atoi 
of sodium in tho molecule of sodie carbonate. Ilenco 
there must be two atoms of the same element in the 
products, and we must therefore write 2NaCl. The 
molecule of water in the products has two atoms of. 
hydrogen ; hence we must write 2H01 among the &( 
tors. Thus amended, our reaction becomes : 
Na,CO, + 2nCl = 2NaCl + H.O + CO,. 

Now, since the quantity of material representt 
among the products exactly equals that representi 
among the factors, we may Tcry properly employ the 
equation-sign of algebra to separate the two members 
of our reaction ; and, further, it becomes equally nat- 
ural to separate the several terms by the ph 
"When, now, we study the chemical change, as thi 
vrritten out for our inspection, we see that, in the pri 
cess, each molecule of sodic carbonate is acted upon 
two molecules of hydrochloric acid. The two 
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I of Bodintn (Na,) from tbo molecule of sodic carbonate 
'(NajCOa) unite each with an atom of chlorine (CI) 
from tho two molecnlea of hydrochloric acid (2IIC1), 
and there are thus formed two molecules of common 
salt (SNaCl). Meanwhile, the original molecules hav- 
ing been broken up, the other atoms group theraselves 
together to form a molecule of water (H3O) and a mole- 
cule of carbonic dioxide (COj). In a word, the chemi- 
cal diango consists in the breaking up of the old mole- 
cules and the rearrangement of the atoms to form 
others, and you will notice how perfectly our system of 
Bymbole enables us to follow the steps of the process. 
In saying that this eq^uation represents the pro- 
cess, wo assume the truth of the principle, ah-eady so 
often reiterated, that what is true of the molecules la 
true of the substances. Our equation merely repre- 
sents the reaction between one molecule of sodic car- 
■ bonato and two of hydrochloric acid. Of course, there 
were billions on billions of molecules in our glass jar, 
but then the action hero represented was simply so 
many billion of times repeated. 

There is only one other point in connection with 
this experiment to which I wish to call your special at- 
tention before closiug the lecture. We used a great 
deal of water in the process, and the experiment would 
not have succeeded without it. Now, what part does 
the water pla;*^? An essential part— and tins point has 
a most important bearing on our theory of molecules. 
^^^^ Tho reaction wo havo been studying fakes place, as 
^^^Lwe have said, between molecules. But, in order that 
^^^Hthe molecules of the one body should act on those of the 
^^HT other, it is obviously necessary that they should have a 
certain freedom of motion. If the molecules had been 
rigidly fixed in the material of the two substances, it 
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would obviously have been impossible for them to mar- 
shal tbemBelvcs in tbc manner we have described, two 
of one substance associating with one of the other in 
the resulting chemical process. Now, iu a solid body, 
the molecules are to a great extent fixed, and hence no 
chemical action is possible between such BubBtances, 
except to a limited extent. There are, in general, two 
ways by which the required freedom of motion can be 
obtained : One is to convert the substance into vapor, 
when, as we have seen, the molecules become com- 
pletely isolated, and move with great velocity through 
Bpace, their motion being only limited by the walls of 
the containing vessel ; but this method is only appli- 
cable to volatile bodies. The second method is to dia- 
Bolve the solid in some solvent, when the molecules, as 
before, become isolated, and move freely thrpngh the 
mass of the hquid. The last is the method generally 
used, and water, being such a universal solvent, is the 
common vehicle employed to bring substances together, 
and for that reason it entere into a very great number 
of chemical changes. Such was its office in the procee 
we have been studying. We dissolved both the Bodic^ 
carbonate and the hydrochloric acid in water, in ordei^fl 
that their molecules might readily coalesce. An expert 
ment will enforce the principle I have been enunciatingd 

There are a great many substances which will i 
on sodic carbonate like hydrochloric acid ; for example, 
almost all the so-enlled acids or acid salts, and, among 
others, that wliite solid with which you are familiar u 
der the name of cream-of-tartar. Here we have cream-^ 
of-tartar and sodic carbonate, both in fine powder, anc^ 
we have been carefully mixing them together iu thiq 
mortar. You see, there is no action whatever ; and, : 
a dry place, we can keep the mixture indefinitely witi 
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" out cliange. If, however (placing the mixture in this 
1 gbsa vessel), we pour water over it, we have at onec a 
I trisk effervescence, and carbonic dioxide is evolved aa 
I before. It rei^uired the water to bring tlie moleculca 
[ together. 

Since, then, the water plays ench an important part 
I the reaction, I prefer to indicate its presence, and 
', this may be done by using the Bymhol Aq. as previonsly 
\ described. 

CNa,0O, + 2IIC1 + Aq.) = (SNaCl + H.O + Aq.) + C07. 

SoluEion or Suilla Corbomils SolaUon ol ComDion Salt 

nnd Uydrocblaiic Auid. 

This indicates not only that both of the factors are 

' in solution, but also that we have, as one of the prod- 

I nets, a solution of common salt. That the second prod- 

f net, carbonic dioxide, ia a gas, I sometiniea indicate by 

a line drawn over tlie symbol, as above. 

The second reaction is equally Eimple, but cream- 
' of-tartar has a vastly more complex molecule than HCl. 
Its Bymbol is HKC,HjOo, that is, each molecule con- 
s of four atoms of carbon, six atoms of oxygen, one 
I atom of potassium, and five atoms of hydrogen. 1 
[ write one of the atoms of hydrogen apart from the 
Lreat, because it has a very difl'crent relation to the 
I molecule — a relation which I shall hereafter explain. 
I The reaction would be written thus: 

(Ns^cOb + 2riKC,n.o, + Aq.) = 

(atfaKO.ir.Oj + n,0 + Aq.) + CO,. 

Bolutiaii ol £och«llo Sails. 

With this reaction many of my audience must bo 
familiar, as a mcjde of raising dough in the process of 
making bread. The first member of the equation in- 
dicates tliat the two Eubstances are used in solution. 
There is formed, as the product of the reaction, be- 
^idea the carbonic dioxide gas, which puffs np the 
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dongli, the solution of a salt, whose molecule has the 
coini)lex constitution I have indicated, and which is a 
well-known medicine under the name of Kochelle-salts. 
When soda and cream-of-tartar are used in making 
bread, this salt remains in the loaf. The amount 
formed is too small to be injurfous, but I cannot but 
think, although it may be a prejudice, that chemicals 
had better be kept out of the kitchen. 
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To master the symbolical language of chemistry, eo 
as to understand fully what it expresses, is a great step 
toward mastering the Bcieuce ; and so important is this 
part of my subject that I propose to occupy the hour 
this evening with a number of illuatrationa of the use 
of symbols for expreesing chemical changes. 

First, I will recur to the experiment of the last 
lecture, for we have not yet learned all that it is cal- 
culated to teach. 

Let us' again write on the black-board the symbols 
which represent the chemical process : 



We bring together a solution of sodic carbonate 
and hydrochloric acid ; and there are formed as prod- 
ucts a solution of common salt, water, and carbonic 
dioxide gas. I need not refer again to the circum- 
Btance that the state of solution is an essential condi- 
tion of the change, for this point was fully discussed 
at the time ; hut, before we pass on to another experi- 
ment, I wish to call youi' attention to the fact that the 
BBveral terms in this equation stand for absolutely dcfi- 
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nite woiglita of the quantities tlicy represent. EmcIiI 
Eymliol standa for the known weights of the atomal 
which are tabulated in this diagram (table, page 112), I 
and the weights of the molecules, whiuh the several I 
terms represent, are tbund by simjjly adding up the J 
weights of the eeveral atoms' of which they consists 1 
When the substance is capable of existing in the agri- f 
form condition, its molecular weight can be fonnd, as I ] 
have Bhown, from its specific gravity ; but these sym- i 
bole assume that either by this or by some other method | 
the constitntion of the molecule has been determined ; 
and, now that the result is expVessed in symbols, noth- 
ing is easier than to interpret what they have to tell 
us. To begin with the sodic carbonate, ICaaOOa. The 
weight of this molecule ia 2x33 + 12-1-3x16 = 46 + 
lii+i3 = 100 m.c. The weight of the molecule HOI 
is 1 + 35.5 =; 36.5, and two such molecules would weigh 
73 m.c. Nest, for the products, wo have NaCl = 23-t- 
35.5 = 58.5, -and 2NaCl = 117.0, also COa = 13+33 
= 44, and II3O = 3 + 16 = IS. Ilence the terms of our 
equation stand for the weights written over them below :., 

we TS 117 IS 44 

(Sa.OU, + 2UCI + Aq.) = (3NuGl+n,0 + Aq.) + COfc 

Wc leave out of the account the water represented i 
by Aq., for this, beiag merely the medium of the reac- 1 
tion, is not changed. Now we can prove our work ; 
because, if we have added correctly, the sum of tha 1 
weights of the factors must exactly eqnal the smn of | 
the weights of the products — and so it is 106 + 73=1 
170, and 117 + 18+44 = 179. Besides the information | 
which the equation gives us in regard to the manner! 
in which the chemical change takes place, the syinbolsl 
also inform ns that 106 parts by weight of sodic cawJ 
bonate are acted upon by 73 parts by weight of hydw 
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cliloric acidj and tliat the yield is 117 parts of common 
salt, 18 parte of water, and 44 parts of carbonic-dioxide 
gas. 

We learn from this, in tlie first place, the exact 
proportion in wliieh tlie sodic carbonate and bjdro- 
ciilorie acid can be most economically used ; for, if tho 
least excess of one or the other substance over tho pro- 
portions indicated is taken, that excess will be wasted. 
It will not enter into the chemical cbange, but will be 
left behind with the salt and water. 

Assume, then, that we havo SCO gi-ammes of sodic 
carbonate, and we wish to know what amount of hy- 
drochloric acid to use, we simjily make the proportion 
as 106 : 73 =; 500 : x = 344^^5-. Again, suppose we 
wish to know how much common salt would be pro- 
, duced from these amounts of sodic carbonate and acid, 
we write a similar proportion — 
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100:117 = 500; 



;arl7. 



So, then, in any process, ai1;er we have written the 
reaction as above, if tho weight of any factor or prod- 
uct is given, we can calcidate the weight of any other 
factor or product by this simple rule : 

As the total mol^ciilar weight of the suistance gvoen 
ia to (he total molecular weight of tlie substanee reqxdred, 
aoiathe given weight to the required weight. By total 
molecular weight we mean, evidently, not the weight 
of a single molecule, but the wei_i!;ht of the number of 
molecules which tho equation incHcatee. 

This may be called the golden rule of chemistry. 

In the laboratory we never mix our materials at 
random, but always weigh out the exact proportious 
found by this rule. When one of the products is a 
gas, as in the present case, a simple modification of the 
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rale enables ua to calculate the volume of the resnUing 
gas. &u])poBc, for example, we wished to calculate 
what volume of carbonic-dioxide gas could be obtftioed 
from 5W grammes of eodic carbonate. We ehoold first I 
find thc-weigbt by the above rule: 



106 : 44 = 500 ; 



= 207i, nearly. 



The answer is 20 7^ grammes of carbonic dioxide. 
To find the corresponding voltune in litres, we have 
merely to diride this value by the weight of one litre i 
of the gaa. Now, there are tables, in which the weight • 
of one litre of each of the common gaECS is given ; but 
8uch tables, although convenient, are not necessary, 
when, as in a written reaction, we know the molecnlar ^ 
weights of the substances with which we are d( 
Yoa remember that the molecular weight is always J 

I twice the specific gravity with reference to hydrogen. 
Half the molecular weight is, then, the specific gravity 
with reference to hydrogen. For example, the molecn- 
lar weight of carbonic dioxide (COj) is 44, and its spe- 
ci6c gravity with reference to hydrogen 22 — in other 
words, a litre of carbonic dioxide weighs 22 times as 
mnch as a litre of hydrogen. Now, a litre of hydro- 
gen, under the normal pressure of the atmosphere, and 
at the freezing-point of water, weighs one erith, or 
0,0890 gramme, or, near enough for common purposes, 
0,09 gramme. If, then, a litre of carbonic dioxide ' 
ia 22 times as heavy, its weight is 23 criths, or 22 x 
0.09 = 1.93 gramme. Our total product, above, be- 
ing 207i grammes, the number of litres will be 207i -^- 
1.9S, or very nearly 104 litres. A litre, as I have said, 
is very nearly IJ pint, but we always use these French 
weights and measures jn the laboratory, so that the ' 
values are as significant to the chemist as are pounds | 
, 
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and pints to the trader. The general rule, then, is ^H 
thie : "We first Hud the weight of one litre of the gaa in ^H 
grammes, hy simply multiplying one-half of its niolec- ^^1 
ular weight by xlri ^^^ then we reduce the weight of • 
the gaa in grammes to litres by dividing the weight by 
this product. ^^ 

Let us pass, now, to another case of chemical ^H 
change, and the example which I have selected is ^H 
closely related to the last. One of the products of ^H 
that reaction waa carbonic-dioxide gas, and here wo 
have a jar of that aeriform substance. On the other 
hand, I hare in this bottle an elementary eubstanco, 
called sodium. It belongs to the class of metals, and is 
one of the constituents of Bodic carbonate, which we 
used in the former experiment. I now propose to 
cause these two substances to act chemically upon each 
other; but, aa before, no chemical action will result 
unless the moleculea have sufScicnt freedom of motion. 
Those of the carbonic-dioxide gaa are already as free as' 
the wind, moving with immense velocity tlu'ough this 
jar. Bnt not so with those of the sodium. In the 
usual solid condition of this metal, the motion of its mol- 
ecules is restricted within very narrow limits, before, 
we gave freedom to the moleculea of sodic carbonate and 
hydrochloric acid by dissolving the substances in water. 
That method ia not applicable here, for sodium acts 
chemicalfy on water, and with great violence ; but we 
can reach a similar result by melting the aodium, and 
Iieating the molten metal until it begins to volatilize. 
Then, on introducing the crucible containing the seeth- 
ing metal into the gas, the molecules of the sodium, as 
they are forced up by the heat, will come into contact 
with those of the carbonic dioxide, and a violent chemi- 
cal action will be the result. 
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Tliie action is made evident to yon by the brilliant 
ligbt evolved, and Hid sodium, as you would say, is 
buraing in the carbonic-dioxide gas. Let lis now rep- 

'reseiit tliis eliemical change by our eymbols. 

Beginning with the factors, the molecule of carbonic 
dioxide, aa already stated, is represented by the symbol 
COj. The weight of the molecule of sodium has not 
yet been accurately determined ; and, in the absence 
of exact information, we will assume, as is most prob- 
able, that the molecular weight is twice the atomic 
weight, or, in other woi-ds, that the molecules consist 
of two atoms, Ka-Xa. Paaeing, next, to the products, 
we find only two, charcoal, and a substance called 
sodic oxide. As regards the last, wo have every rea- 
son to believe that its molecules consist of two atoms 
of sodium united to a single atom of oxygen, NflaO. 
About the charcoal molecules, wo have absolutely no 
knowledge whatever ; and we will, therefore, as is 
usual in such cases, represent tliem as cousisting of sin- 
gle atoms. Ilence, writing the products after the fac- 
tors, we have — 



Kememberlug, now, that the number of atoms on 
the two sides must be the same, it is evident that the 
amount of oxygen in a molecule of COj will yield 
2Ka,0; and, furthci-, that, to form two molecules of 
JJajO, two molecules of Na-Na are necessary. Henee 
our reaction must be written : 

CO, + 2Na-Na = + SNa^O. 

dioSe rmT ^T '^"'' ^""^ '''"' •°°^'=™^'^ of carbonic 

r Sere « ^ . '^ ^f ^^^ ^''^^'^^^^^ ^^ ^o^ium (2Na-Na), 

there are formed two molecules of sodic oxido (2Kn,0 
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fand one atom of carbon (C), It is probable tbat tbe 
atoms of carbon group tlieniBelves into molecules ; but, 
as we know nothing about tlieir constitution, we can- 
not express it by our symbols. 
Botli of the prodaeta of this process are solids, and 
will be found, at the close of tbe experiment, in the 
small iron crucible in which the sodium was melted 
and introduced into the jar of carbonic-dioxide gas. 
The Bodic oxide is a white solid, which is very soluble 
in water, or, rather, combines with water to foi-m what 
is called caustic soda, which dissolves in the liqaid ; and 
caustic soda, as jou weU know, is a very important 
chemical agent. But the chief interest in this experi- 

Iment centres about the other product. Charcoal is one 
of the forms of carbon ; and the peculiar chemical re- 
lations of this element, which are illustrated by our ex- 
periment, are not only highly interesting in themselves, 
but have an important bearing on tbe subject of these 
lectures. I shall, therefore, digress for a moment from 
my immediate topic, in order to bring these facts to 
yoop notice. 
Carbon, as you probably tnow, is one of the most 
remarkable of the chemical elements. In the first 
place, it is most protean in the outward aspects which 
it assumes. These brilliant crystals of diamond, the 
hardest of all bodies ; this black graphite, as extreme 
in softness as is the diamond in hardness ; these still 
more familiar lumps of coal, are all formed of the same 

I elementary substance. In the second place, the vari.ous 
forms of fuel used on the earth also consist chiefly of 
this element, which is, therefore, the great source of our 
artificial light and heat, and the reservoir of that en- 
ergy which, by the aid of the steam-engme, man uses 
witii such effect. 
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All earbonaceoaa materials used as fuel, wltether 
wood, coal, oil, or gas, if not tLemsclres visibly organ- 
ized, were derived from organized Btructures, chiefly 
plants ; and all the light, all the heat, all the power, 
which they are capable of yielding, were stored away 
daring the process of vegetaLlo growth. The origin 
of all this energy is the eun, and it is brought to the 
earth by the sun's rays. Coal is the charred remains 
of a former vegetation, and the energy of our coal-beds 
was accumulated during long periods in the early 
of the geological history of the earth. Wonderful as 
the truth may appear, it is no less certain that tho 
energy which drives our locomotives and forces our 
steamships through the waves came from the sun, than 
that the water, which turns the wlieels of the Lowell 
, factories, came O'oni the springs of the X ew-IIampshire 
liills. IIow it comes, how there can be so much power 
in the gentle influences of the sunbeam, is one of the 
great mysteries of Nature. We beUeve that the effect 
is in some way connected with the molecular structure 
of matter; but our theories are, as yet, unable to cope 
with the subject. That the power comes from the sun, 
we know ; and, moreover, we are able to put our finger 
OE the exact spot where the mysterious action takes 
place, and where the energy is stored ; and that spot, 
singular as it may appear, is the delicate loaf of a plant. 

This same carbonic dioxide, on which we are here 
experimenting, is the food of the plant, and, indeed, 
the chief article of its diet. The plant absorbs the gfl8 
from the air, into which it is constantly being poured 
from our chimneys and lungs, and the sun's rays, act- 
ing upon the green parts of the leaf, decompose it. 
The oxygen it contains is restored to the atmosphere, 
while the carbon remains in the leaf to form the Btruct- 
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Inre of the growing plant. This cliangc may bo repre- 
sented thus : 
CO, = C + 0=0. 
Csrbcnlc Dioxide. CorbJQ. Oij-gDO. 

Now, to tear apart the oxygen atoms from the 
carbon, requires the expenditure of a great amount 
of energy, and that energy remains latent until tho 
wood is burned; and then, when the carbon atoms' 
again unite with oxygen, the energy reappears undi- 
minished in the heat and light, which radiate from the 
glowing embers. Just as, when a clock is wound np, 
the energy which is expended in raising the weight re- 
appears when tho weight falls ; so the energy, which is 
expended by the sun in pulling apart the oxygen and 
carbon atoms, reappears when those atoms again unite. 
This is one of the most wonderful and mysterious ef- 
fects of Nature ; for, although the process goes on bo 
silently and unobtrusively as to escape notice, it accom- 
plishes an amoimt of work compared with which most 
of the noisy and familiar demonstrations of power are 
mere child's-play. It is one of the greatest achieve- 
ments of modem science, that it has been able to meas- 
ure this energy in the terms of our common mechanical 
unit, the foot-pound ; and we know that the energy 
exerted by the sun and rendered latent in each pound 
of carbon, which is laid away in the gi'owing wood, 
■would be adequate to raise a weight of five thousand 
;,tona one foot. 

The chief interest connected with the experiment 
before us is to be found in the fact that it is almost the 
parallel to the process wliich is going on in the leaf of 
every plant that waves in the sunshine. Compare the 
two reactions as they are here written, the one over 
the other : 
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CO, + SNa-Nft = + 3NiiO. -^ 

CO) = + 0^. I 

In the first, the cause of the breaking up of the COj ' 
molecule is evident. The molecules of the sodium 
have what is called an intense affinity for the atoms 
of oxygen, and attract them with such power as to tear 
.them away from the atom of carbon. Now, when jou 
remember that the atoms of carbon and oxygen are 
united by such a force that it rec[aireB the great energy • 
I hare described to tear them apart, and in the light 1 
of this knowledge study tlic second reaction, you will-l 
fail to find in the symbols any adequate explanation of 1 
the effect. And they cannot explain it ; for the sun's 
energy cannot be expressed by a chemical foi'mula. But, , 
yet, tills energy does here precisely the same "work ■ 
which the sodium accomplishes in our crucible. More--! 
over, there is another striking analogy between the two I 
processes, which must not be overlooked. | 

The carbonic dioxide is decomposed in a vegetable 
leaf; and, of the two products of the reaction, the oxy- ■ 
gen gas escapes Into the air, while the carbon is depos- I 
ited in the vegetable tissue. This relation between 
the two products depends on the aeriform condition of 
oxygen on the one hand, and the great fixity of carbon 
on the other. Carbon is peculiar in this respect : In all 
its conditions, whether of diamond, graphite, or coal, it 
is one of the most fixed solids known. Even when ac-» 
posed to the highest artificial heat, it never loses its 
eoHd condition, and so the molecules of carbon, as they 
form in the leaf, assume their native immobility, and 
become a part of the skeleton of the growing plant. , 
To fully appreciate this remarkable relation of carbon 
to organic structures, you must recall the fact that the 
only other three elementary substances, of which ani- 
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Imals and plants cliiefly consist — oxygen, Lydrogen, and 
nitrogen — are not only atTiform, but they arc gaees, 
■which no amount of pressure or eold is able to reduce 
to the liquid or solid condition. All orgnuized beings 
may be said to be skeletons of carbon, ■which have con- 
densed around the carbon atoms the elements of -water 
and of air. 
This point is one of £uch interest that a familiar 
illustration of it may be acceptable. When a piece of 
wood is heated out of contact with the air, the volatile 
elements, Lydrogen, oxygen, and nitrogen, are driven 
off in various combinations, ■while the carbon moleeuleB 
are left behind, retaining the same relative position 
they bad in the tree ; and, if we examine the charcoal 

I with a microscope, ^we shall find that it has preserved 
the forms and markings of the cells, and the rings of an- 
nual growth ; and, in fact, all those detaOs of strneture 
■which marked the kind of wood from which it was made. 
My assistant has projected on the screen a magni- 
fied image of a thin section of wood, which has been 
thoroughly carbonized, apd you see how strikingly tho 
facts I have stated appear. 

Now, just as the non-volatile carbon is deposited 

^^H from the carbonic dioxide in the cell of the plant, so in 

^^K oar experiment is it deposited in the crucible. Both 

^^fof the products of the reaction are to a great extent 

fixed, but the cai-bon by far the most so ; and, in this 

experiment, all, or, at least, a great part, of the carbonic 

dioxide, which previously filled the jar, has deposited 

the carbon it contained in the iron crucible. In the 

plant the carbonic dioxide, ■whieh passes through the 

structure in tho process of plant-life, leaves its carbon 

Bin the leaf or stalk ; and so here, the carbonic dioxide. 
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witli tlie heated Bodium, leaves its carbon in the crnci- 
ble. In order to eliow you that carbon has been thus 
formed, 1 will now remove the crucible, and quench it 
with water. The Bodic oxide (NaaO) dissolves, and the , 
charcoal is set free, and you see that the water in this 
jar is black with the particles of floating charcoal. 

Let us now pass on to study a remarkable series of 
chemical changes, in which carbonic dioxide a 
an important part. The first of the series is one with 
which you are all so familiar, that it is perhaps not im- 
portant to repeat it in this place; but, as I am anxious 
that you should have the processes we are studying 
presented to yon in visible form, I will make the tiivial 
experiment of slaking eome common lime. 

The action is very violent, and great heat is devel- 
oped. As we shall hereafter see, the evolution of heat 
is an indication of chemical combination, and, in the 
case before os, the limo unites with the water. Let us 
try to represent this change by our symbols. 

Lime is a compound of a metal we call calcium and 
oxygen. It is, in a word, a metaliJe ore ; and I have a 
small bit of the metal which it contains in this tube. 
By projecting an image of the tube on the screen, you 
can see almost all that I can, save only that the metal 
has a brilliant lustre and ruddy tint, lilie bismuth. A 
molecule of lime is formed of two atoms, one of this 
metal and the other of oxygen. Hence the symbol 
CaO. A molecule of water, as we know, is represented 
by HjO, The product of the reaction is a light, white 
powder we familiarly call slaked lime, and its analysis, 
interpreted by its chemical relations, shows that it has 
the constitntion CaOaHj. The chemical name is calcic 
hydrate, and the change by which it was produced we 
can now express thus : 
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OflO + n,0 = CaOiH,. 

limo. Wftler. Oildc Uy dral^. 

In this reaction, as you see, two molecules unite to 
form a third, which consists of the atoms of the other 
two. If, now, we mix this slaked lime with a larger 
body of water, the result is an emulsion called milk-of- 
lime, and consisting merely of particles of the hydrate 
suspended in water. A part of the hydrate actually 
id, if we employ as much as 700 times its 
Tolume of water, the whole dissolves, forming a_tranB-' 
parent solution, Tliis milk-of-lime, then, is a solu- 
tion of calcic hydrate, containing a large excess of the 
eoHd hydrate in suspension. But there is a very sim- 
ple means of separating the solid from the solution. 

"We use for the pui-pose a circular disk of porous 
paper, called a filter, which we fold in the shape of a 
cone, and place in a glass funnel. On pouring the tur- 
bid liquid into the paper cone, the clear solution will 
trickle through the pores of the paper, but the solid 
sediment will be retained on the upper surface. 

Having now obtained a clear solution of calcic hy- 
drate (Ca02H2 + Aq), I propose to show you next the 
action of carbonic dioxide upon it. 

For that purpose we will prepare some more of the 
^gas, and, having poured our clear solution into this jar, 
we will pour in after it a quantity of carbonic dioxide, 
which, although a gas, is so heavy that we can handle 
it very much like a liquid. The gas is now resting on 
the solution, bnt the action ia exceedingly slow ; i'or, 
although the particles of the calcic hydrate are free to 
move in the liquid, and those of the carbonic dioxide 
in the space above the liquid, yet each is restricted to 
those spaces, and the two sets of molecules cannot 
'jcome in contact, except at the surface of separation. 
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But, let us Bbake up the liquid, so as to bring tLe mole-^ 
cules of both liquid and gas in contact, and you e 
tliat, at once, we have a very marked change. The 
liquid becomes turbid, and, after a while, a quantity of a 
white powder will fall to the bottom, which, if collected 
and examined, will be found to be identical with chalk. 
Now that you are aaj^nainted with our method of no- 
tation, I can best explain to you this change by writing 
^at once the reaction : 
(CaO,n, + CO34 

Culclc Uydrate. 

The symbols of the factors of the reaction you will 
at once recognize, and you will also interpret the 
meaning of Aq., used to indicate that the calcic hy- 
drate and carbonic dioxide come together in Eolution. 
Among the products of the reaction, the first symbol j 
represents one molecule of calcic carbonate, the mate- 
rial of challi. This body, being insoluble in water, 
drops out of the solution, and forms what is called a 
(jrecipitate, a condition which we indicate arbitrarily 
by di'awing a line under the symbol. Tlie only other 
product of the reaction is water, which, of course, min- 
gles with the great mass of water present, and this we 
express by IIjO + Aq. 

.1 need not tell you that this white powder is not 
only the material of chalk, but , the material of the 
limestone-rocks, which form so great a part of the 
rocky crust of our globe. Not only the rough monn- 
tain limestones, but the fine marbles, and that beauti- 
ful, transparent,- crystalline mineral we call Iceland- 
spar, are aggregates of molecules, having the same con- 
stitution as those which have formed in this experi- 
ment. The differences of texture may, donbtlesa, be 
referred to differences of molecukir aggregation ; but 
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I -we have not yet been able to discover, cither what the 
difference is, or on what it depends. 
In order to produce the last reaction, we poured the 
gaa upon the solution of calcic hydrate ; and the chalk 
was only produced as fast as the gas dissolved in the 
liquid. We shall obtain the reaction more promptly, 
if, instead of taking the gaa itselt^ we employ a solution 
of the gas in water, previously prepared. Moreover, 
this form of the experiment will enable me to show 
you a phase of the process which might otherwise es- 
cape your notice. I need not tell you that wo can 
easily obtain snch a solution ready-made to our hands. 
That beverage, which we persist in miscalling soda- 
water, is simply an over-saturated solution of carbonic 
■ dioxide in water, made by forcing a large excess of the 
gas into a strong vessel filled with water. At the or- 
dinary pressure of the air, water will dissolve its own 
vohune of this gas ; but, when forced in by pressure, 
the water dissolves an additional volume for every 
additional atmosphere of pressure. As soon, how- 

§ever, as this solution is drawn out into the air, the ex- 
cess of gas above one volume escapes, causing the effer- 
vescence with which we are so familiar. Carbonic di- 
oxide is formed in the process of fermentation by 
which beer and wine are prepared ; and it is the es- 
cape of the excess of this gas, dissolved under pressure, 
which causes the effervescence of bottled beer and 
champagne. The solution in water (soda-water) is now 
supplied to the market in bottles called siphons, which 

I are convenient for our purpose. 
Notice that, as I pei-mit the solution to flow into 
the lime-water, the same white powder appears as be- 
fore ; but, now, notice further that, as I continue to 
add the solution of carbonic dioxide, this white solid 
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rcdissolvea, and we- have ft beantifiilly clear eolntion. I 
It is generally believed that, under these coDditioufi, ' 
in presence of a gi-eat excess of carbonic ■ dioxide, tlio 
moleenle of calcic carbonate combines with additional 
atoms of carbon, oxygen, and hydrogen, to form the 
very complex molecule HjCaCjOj, which is assumed to 
be soluble in water; but, as this point is, one of doubt, 
I prefer to present the phenomenon to you as simply i 
one of solution, and as illustrating a remarlcable point 
in our chemical philosophy — the fact that the produc- 
tion of a given compound is frequently determined by 
the circumstance of its insolubility. The calcic carbon- 
ate forms, in the first instance, because this compound is j 
insoluble; but, when a proper solvent like the aerated ' 
water ia present in sufficient excess, no such compound | 
results, or, at least, we have no evidence of its forma- 
tion. 

Most of my audience will be more interested, how- 
ever, in this solution of chalk in soda-water (for such it 
is), from the fact that it plays a very important part in 
Nature, and is a common feature of domestic experi- 
ence. Such a solution as this is what we call hard ] 
water, and spring-water is frequently in this condition, 
Sirch water is said to kill soap, arid is disagreeable when 
used in washing, because the lime in solution fonne with 
the- fatty conatitnent of the soap an insoluble, sticky 
mass, which adheres to the hands or cloth. Moreover, 
when such water is boQed, the carbonic dioxide is driven ] 
off, and the water loses its power of holding the chalk J 
in solution, which is deposited sometimeB as a IoobqI 
powder, but at other times as a hard emst on '&.9m 
sides of the boiler. 

I cannot readily show you the reprecipitation on- J 
der these conditions ; but I have hero a crust, whielil 
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was formed in a steam-boiler in the manner I have de- 
Bcribed. A pretiisely similar action gives rise to the 
formation of Btalactitea in lime-caverns, and of a form 
of lime-rook called travertine. Some of the finest mar- 
bles have bceji formed in this way. 

Thns it is that we have been imitating here the 
production of chalk, hmestono, and marble, at least 
60 far as the chemical process is concerned. The mole- 
cnle of all these substances has the same constitution, 
expressed by the symbol CaCOa. Kow, it is evident 
that 

OflOO, = OqO + CO,. 

CaMo Carbonate. limB. Cniboaio Ilioiido, 

I mean simply by this, that it is theoretically possi- 
ble to form, from one molecule of calcic carbonate, one 
molecule of lime and one molecule of carbonic dioxide ; 
but it does not follow from this that it is practically pos- 
sible to break up the molecule of calcic carbonate in this 
way ; and we must avoid the error, not unfrcquently 
made by chemical students, of being led astray by onr 
notation. These equations, which we call reactions, are 
not like the equations of algebra. . Any thing that can he 
deduced from an algebraic equation, according to tbo 
rules of the science, must be true; but it by no means 
follows that any combinations we may form with onr 
symbols can bc realized, "We cannot deduce facts from 
chemical symbols. They are merely the language by 
which we express the results of experiment; and for 
this reason I have been, and shall be, very careful to 
show you the facts before I attempt to express them in 
chemical language. But, in the case before us, onr 
caution is needless, for we can break up the molecnle 
in the precise way which our assumed reaction indi- 
and I will show you, lastly, two additional 
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cliemical processes, wliich will bring back onr materiall 
to the condition of lime and carbonic dioxide, Hie sub-] 
stances from which we started. 

The first is a reaction, identical with the one I liavol 
just written. Since the beginning of the lecture, iM 
have been strongly heating some lumps of chalk in 
this platinum crucible. The process is a slow one ; and 
it was necessary to begin the experiment early, in 
order that I might show you the result. The chemical 
change is identical, however, with that which may be 
observed in any lime-kiln, where lime is made by burn- 
ing limestone. Each molecule of chalk, CaCOa, looses 
a molecule of carbonic dioxide, CO^, and we have left 
a molecule of lime, CaO. But tho change in the ap- 
pearance of the white mass produced by burning ia so 
slight that I must bring in the aid of experiment to : 
prove that any change has taken place ; and, first of all, 

II must show you the test I am going to use. 
In tho first of these two jars I have an emulsion 
of chalk, and in the second milk-of-lime. Notice that ■ 
this piece of paper, colored by a vegetable dye called 
turmeric, remains unchanged when dipped in tlie emul- 
sion of chalk, but turns red in the milk-of-lime. 
Let us test, now, the contents of our enicible. We i 
vn\\ first empty it into some water. Tho white lumps ^ 
almost instantly become slaked, and render the water 
mill;y. We will now dip in a sheet of turmeric-paper, 
and you see that, although we began with inactive 
chalk, we have obtained a material which acts on tlio 
turmeric-paper like caustic lime. Thus, then, we liave. ] 
regenerated the lime. 
Let us next see if we can regenerate the carbonis I 
dioxide : 
In the last experiment, carbonic dioxide was pro- •! 
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[need, bnt it escaped so slowly, and in such ema]l quan- 
;ties, 38 entirely to escape notice, Wlere, however, 
limestone is bamed on a large scale, the current of gas 
from the kiln is fi-equently very perceptible ; and more 
than one poor vagrant, who has sought a night's lodg- 
ing nnder the shelter of the stack, has been suffocated 
by the stream. But we can make evident the produc- 
tion of carbonic dioxide from chalk without the aid of 
such a sad illustration. 




Fin. M,— PnoomaUc Trough, with Twn-niiil;i<l I'i.'is -^riitlo. 

In this bottie we have some bits of challv. One of 
ie two necks of the bottle is closed by a cork, through 
srhieh passes tightly an exit-tube, to conduct away any 
■gaa that may be formed. The other is also corked, and 
through the cork passes a funnel-tube, by which I can 
introduce any lirjuid reagent into the bottle (Fig. 22). 
On pouring in some nmriatic acid, a Tiolent efferves- 
cence ensues, and a gas is formed which, flowing from 
the exit-tube, displaces the water in this glass bell. ■ 

The bell stands in what we call a pneumatic trough, 
and this simple apparatus for collecting gages nUist, I 
think, be familiar to all of my audience. The open 
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month of the bell rests on the ehelf of the trongh iin- 
der water, and tho liquid is sustained in it by the press- 
ure of the air. Let me, while the experiment is goiog 
on, write out the reaction ; ^ 



We already know the symbols of all the factoi 
and we may, therefore, confine our attention to 
products. 

The products are, flret, carbonic-dioxide gas ; and, 

secondly, a solution in water of a compound whose 
molecule consists of calcium and chlorine, and which 
we call calcic chloride. And, now that the jar ia 
filled, I can easily show that we have regenerated car- 
bonic dioxide. Kemoving the jar from tbe trough, we 
will first lower into it this lighted candle, and then 
pour into it some lime-water. The candle is instantly 
extmguiahed, and the lime-watfir rendered turbid. 

Thus we end the torture of these molecules. You 
have seen how easily wo have formed them, and how 
readily we have broken them up, We began with 
lime and carbonic dioxide, which we united to form 
chalk. We dissolved the chalk in a solution of COj, 
and learned how, in Nature, various forms of limestone 
could be crystallized from this solution. Lastly, we 
have recovered from the chalk the lime and carbonic 
dioxide with which we begun. I hope you have been 
able to follow these changes, and to understand the 
language in which they are expressed. If so, we have 
taken another step in advance, and, at the next lecture, 
shall be able to go on and elassil;y these reactions, and 
thus prepare the way by which we may reach still fur- 
ther iruth in regard to this wonderful microcosm of 
molecules and atoms. 
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r Before, however, elosing my lecture, I ivill embrace 
the opportunity offered by this division of my subject 
to explain, as briefly as I can, the principles of our 
chemical nomenclature. This nonienelature originated 
in 1787 with a committee of the French Academy of 
Sciences, a committee of which the great chemist Lar 
voisier was the ruling spirit. It was an attempt to in- 
dicate the composition of a substance by its name, and, 
for half a century after its adoption, it served most 
admirably the purpose for which it was devised, and 
exerted a mai-ked influence on the development of 
chemistry. The nomenclature was based, however, on 
the dnalistic theory, of which Lavoisier was the father, 
and, when at last our science outgrew this theory, the 
old names lost much of their significance and appropri- 
ateness. Within the last few years attempts have been 
made to modify the old nomenclature, so as to better 
adapt the names to our modem ideas. Unfortunately, 
the result, like most attempts to piece out an old gar- 
ment, is far from satisfactory, and reviewers revel in 
the absurdities to which the nomenclature leads when 
applied to many of the proflucts of modem chemical 
investigation. Fortunately, however, chemical symbols 
now supply to a great extent the place of philosophical 
names, and hence the nomenclature is a far less im- 
jrortant feature in the new chemistry than it was in the 
old. I shall not, therefore, enter into much detail in 
regard to it, but limit myself to the statement of a few 
rules which will give you the key to the significance of 
the more common chemical terras. • 

The names of elementaiy substances are necessarily 
arbitrary. Those which were known before 1787 retain 

k their old names, such as sulphur, plmphonts, iron, gold, 
and several others, including all the useful metals. Most 
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of U»e more recently-diBCovered elements have been 
named in sllueion to some prominent property, or some 
circumstance connected with their history: as oxygen, 
from ofw yewda (acid generator) ; hydrogen, from C&op 
yewdat ^water generator) ; chlorine, from j^Kapoi (green) ; . 
iodine, from laS^ (violet) ; hromiiie, from ffpwfun (fetid I 
odor). The names of the newly-discovered metals have a 1 
common termination, urn, as potaasixim, sodmm, platir J 
num. ; and, the names of several of the non-metallic ele- 1 
mente end in ijie, as cJUorine, hromine, iodine, Jluorine. [ 
Passmg next to binary compounds — that is, com- ' 
pounds of only two elements — we notice, first, that the 
simple compounds of the other elements with oxygen 
are all called oxid-es, and that, in order to distinguish 
the different osides, we use adjectives formed from the 
name of the element with which the oxygen is com- 
bined, preferring however, in many eases, the Latin i 
name to the English, both for the sake of euphony and 
in order to secure more general agreement in different 
languages. Thus we have — 

Argentic oxide AgiO 

Plnmbio oiide PbO 

Stannie oxide SnO, 

When the same element forms with oxygen two i 
compounds the termination ic is retained for the higher i 
oxide, while the termination otiS is given to the lower. 
Thus— 

Terroua oside FeO 

Ferric oside FeiOi 

Snlgjiurouj oxide SO, 

Sulphnrji! oside SO. 

If there are more than two oxides, or if, in any case^ 
there are ohjectiona to the use of the termination oim, 
the necessary distinctions are made by means of Greek' 
numeral preflxes : 
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Nitrow oxide NsO 

Hitri'e oside NO 

Dinitrio trioside HsOj 

Nitrie dioxide NOi 

Dinitrie pontoxide NjOi 

Oarbontc oxide 00 

Garbonic diosida 00, 

The iiames of the binary compounds of the other 
elementB are formed like those of the oxides. 

Compounda of Chlorine are called Ghlotidea. 

" Bromine " Bromidea. 

" Iodine " Iodide». 

" Fjiiorino " Floor i(ie«. 

" Siilplior " SolpliKita. 

" Nitrogen " NitrfAa. 

" PliosphoruH " Phosphiifc*. 

" Araenic " ATseuidet. 

" Antimonj " AntimonWw. 

" Carbun " Oaihonidea. 

Moreover, the epeeific names in the several classes of 
componndB also follow the analogy of the oxides, thus : 

Stannotu chloride SaOlg 

StanDio chloride SnCIt 

Diferrons aulphido FetS 

FerroTis sulphide FeS 

Ferric snlphide FeiS. 

Feme disnlphide FeSi 

And here, before we pass on to the names of componndB 
of a higher order, let me ask yoa to carefully fix in your 
^^^ memory the faet that the termination ide always indi- 
^^^L cates a compound containing ouly two elements. 
^^^H Of compounds of three or more elements the most 
^^H prominent class is that of the aeids, bodies originally so 
^^^V called on accoimt of their sharp or acridr taste. !Now, 
^^^1 the greater part of the inorganic or mineral acids are 

i 
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composed of the two elements hydrogen and oxygen, 
united to some third element, which in the characteristic 
constituout in each case ; and, from thie third element 
the acid tukcx its name, the terminations to and ous 
being used as in the case of hinariea to indicate a greater 
or less amount of oxygen in the compound. Thus wo 
have — 

mtrou# acid HNO, 

Nilrie ftoid HNO, 

8ulphar<tu» acid H,60, 

SiilpliuriB acid H,80, 

Phoapbormw ttcid H=PO, 

Phosphorw acid H,PO* 

In every acid we can by various chemical processes 
replace the hydrogen it contains with different metallic 
elements, and we thus obtain a very largo class of com- 
pounds called salts. Tho generic name of the salts of 
each acid is formed by changing the termination ic, of 
the name of the acid, into ate, or the termination oua 
into ite, thus : 

SulphuroJM acid foiina Snlphifes, 

Snlphuric acid " Bnlphatei, 

Plioapboroa* ucid " Phosphi(M, 

Phosplioric acid " Phosphnfe*, 

Carbottie acid " Cariovatet, 

Silioii; neid " Silic«(M, 

and the different salts of the same acid are distinguielied 
by adjectives as before. For example : 

Nitric acid IINOi 

Sodio nitrate NaNOi ' 

PotSBsio nitrate KNO> 

Argentic nitrate AgNO. 

So also : 

Sulphuric acid II,SO, 

Potassic sulphate KiSOi 
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Oalcio Bulphate '. . . CaSOi 

MercuroiM sulphate ngiSO. 

Mercuric sulphate HgSO. 

FerroHd solpliate FeBOi 

PerricHnlphate Fei(SOt)i 

The tenninationa o«8 and io, used in the names of 
\ these salts, indicate the same difference in the condition 
[ of the metalhc element which determines the union of 
[ the metal with more or less oxygen. Ferrous and ferric 
I Bulphates, for example, correspond to ferrous and ferric 
[ oxides. The nature of this difference will be discussed 
I ,in the chapter on quantivalence. 

There is an important class of compounds which 
P laears to water a relation similar to that which salts sus- 
tain to their respective acids. This class of compounds 
is called the hydrates, and may be regarded as derived 
from water, by replacing one-half of its hydrogen. 
Thus we have — 

PotassJo hydrate KOn froDi HOH 

Oalcio hjdrate CaOjni " 3II0H 

Bismnthic hydrate BiOjHs " 3H0H 

Silicic hydrate SiO,H. " 4H0H 

80 also: 

Ferrous hydrate FeO,Hi 

Ferris hydrato Fe>0,H. 

■The very interesting theoretical relations of the hydrates 

J hei-eafter be discussed. 

When the hydrogen of an acid is only in part re- 

or is replaced by more than one metallic ele- 

Iment, the constitution of the resulting salt may still be 

■ indicated by the name, as in the following examples : 

nydro-diaodio phoaplmtc n.NaiPO. 

Potassio-aluniinic sulphate KiAlj(SUOt 
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In like manner the relative proportions of the several"] 
ingredients of a sidt miiy be indicated, as in — 

TetrahyUro-calcic diplioBpliato niCa(POi), 

Biaodic tetraborate (borax) NaiBiOi 

But, as !b evident, names like the last two are prac- I 
tically useleBB, and, when we attempt to extend the J 
nomenclature to organic compounds, we are led into | 
still greater absurdities ; so that, although by giving J 
arbitrai'v names to various groups of atoms called com- I 
pound radicals we have been able, to a limited extent, 1 
to adapt the uomcnclature to this clagE of EubstanceH, 1 
yet we have been compelled in many cases to resort to I 
trivial names like those used before the adoption of the: 1 
nomenclature. The names oil of vitiiol, corrosive sub-^ 
limate, calomel, saltpetre, borax, eream-of -tartar, etc., of ,1 
the last, century, have their eoimterparts in aldehyde, I 
glycol, phenol, urea, morphine, naphthaHne, and manyl 
other familiar names of our modem science. Of course, I 
such names are subject to no rules, and, although they, I 
have been usually selected with care, and indicate by I 
their etymology important relations or qualities, they I 
must bo associated separately with the substances theyj 
designate. 
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Among chemical reactions we may distingiiiBli three 
elasscB : 1. TJiose in which the molecules arc broken 
up into atoms ; 3. Those in which atoms are united to 
form molecules ; and, 3, Those in which the atoms of 
one molecule change places with those of another. 
Eeactions of the iirat kind are called analysis, those of 

' the second syntheais, and those of the third metathesis 
1 derived from the Greek, and signilying re- 

I Bpectively to tear apart, to hiiid together, and to inter- 
eh<mge. 

This classifieation is one of great theoretical impor- 
tance. But it mu6t be further stated that a simple ana- 
lytical or synthetical reaction, as here defined, is sel- 
Aora if ever realized in Nature. Almost every chemi- 
cal process is attended both with the breaking up of 
molecules into atoms and the regrouping of these 
atoms to forro new molecules, that is, it involves both 
analysis and synthesis ; and this is true even in the 
many cases where the products or factors of the chemi- 
cal reaction are elementary substances; for, when the 
molecules of the elementary substances consist of two 
or more atoms, the breaking apart or coalescing of 
atoms, although they are atoms of the same ele- 
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ment, conetitntes analysis or syatliesis, as here defined. 
Tliiis, wlicu, in llic burning of hydrogcii gus, this ele- 
mentary Biibatance unites witli tlie oxygen of the air to 
form water, the moleculoB of oxygen must be divided 
into atoms before the synthesis of the water molecule 
is possible ; and eo, on the other hand, when water is 
decomposed, the resuhing atoms of oxygen unite by 
twos to form molecules of oxygen gas ; and this pair- 
ing is, according to our definition, a process of aya- 
thesis. The chemical reactions, which express these 
changes, illustrate very dearly the point heie made: 

BurnlDB of niilrogBl) O"- DcaimptBilimiiif W«lor. 

anil 4- o-o = 211,0. 2H,o = 2ii-n + o^o. 

Hj-dninoB Oijgon Wltor. WbIm. Oij-gea HydtogBB 

The first states that from one molecule of oxygen are 
formed two molecules of water, and this, of course, ne- 
cessitates a division of the osygen molecules; while 
the second states that from two molecules of water only- 
one molecule of oxygen gas resnlts, a process wliieh 
involves the union of the two oxygen atoms, previously 
separated in the two molecules of water. Indeed, tki 
purely analytical or a purely synthetical reaction wonld'l 
only be possible theoretically in those cases v ' 
montary substances were involved, whose molecules con- 
sist of a single atom, that is, where the molecule and 
the atom are identical, and we can recall no well-de- ' 
fined reactions of this kind. 

But, although we should be obliged to si 
the unfamiliar facts of chemistry for examples of pore 
analysis or pure synthesis, yet processes, in which one 
or the other is the predominant feature, and which il- 
lustrate the special characteristics of each, are close at ; 
hand. Some of these I now propose to bring before 
yon, beginning with the analytical processes, and I 
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f shall select Buch examples aa incidentally illugtratc im- 
portant principles, or interesting facts, of the science. 
Afterward, we will pass to the metathetical reac- 
tions, whicli are not only very common, but conetantly 
occur ondisturbed by other niodee of chemical change ; 
and the study of this very important class of phenom- 
ena will show us some of the latest phases which our 
chemical philosophy has assumed. 
Of the analytical reactious I will select for our first 
illustration the process by which oxygen gas is usually 
made. The common source of oxygen is a white salt, 
now well known under the name of chlorate of potash, 
but which, in the nomenclature of our modern chem- 
istry, is called potassic chlorate. I presume, if wo 
should inquire into the cause of the present notoriety 
of this chemical preparation, we should find that it 
owed its reputation to the chlorate of potaeaa troches, 
and there is no doubt that, when judiciously used, 
this salt has a very soothing effect on an irritated 

1 throat. But, after all, the great mass of the potassic 
chlorate manufactured is used for fireworks or for mak- 
ing oxygen gaa, and it is to the last use we now pro- 
pose to apply it. For this purpose, we have only to 
lieat the salt to a low, red heat in an appropriate ves- 
sel. "We use here a copper flask, and connect the exit- 
tube with the now familiar pneumatic trough. While 
my assistant is preparing the oxygen gas, I will explain 
to you the process. 
Although potassic chlorate is a non-volatile solid, 
and we have no direct means of weighing its molecules, 
yet, from the purely chemical evidence we possess, 
there is no doubt whatever about its molecular consti- 
tution. It is expressed by the symbol KCIO3, and, 
in the process before us, the potaseic chlorate simply 
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bi'eakg op into another ealt called potasgic cliloride and 
oxygen gas, 

KCIO, = ECl + 0„ 

PoUulc Chlmte. Potusic ChJoride, Oiygta Alomii, 

that IB, each molecule of the talt gives a molecule of 
potassic chloride and tlu-ee atoniB of oxygen. Notice 
that I say three atoms ; for this is a point to which X 
most call your attention. 

We are not dealing here with an example of pure 
analyais, although that feature of the reaction pr&- 
dommateB over every other. Oxygen gaa ie the 
product formed ; and, as I have acveral tunes said, 
we know that the molecules of oxj'gen consist of 
two atoms. Hence, the three atuma which the heat 
drives ofl' must pair, and, from three atoms, we can 
only make one molecule. What, tlien, is to become of 
the tlurd atom, which seems to be left out in the cold J 
You must have already answered this question; for 
yon remember that our symbole only express the 
change in one of the many millions of moleculea 
which are breaking up at the same instant ; so there 
can bo no want of a mate for our solitary atom. In- 
deed, two molecules of chlorate will give ns just the 
number of atoms we want to make three molecules of 
oxygen gas. Hence, we shoidd express the change 
more accurately by doubling the symbols : 



Let me next remind yon that these symbols expresB 
exact quantitative relations ; and, as some of my young 
friends may desire to knowhow to calculate the amount 
of chlorate they ought to use in order to make a given 
volume, say, ten litres of oxygen, I will, even at the 
risk of a little recapitulation, go through the calcnlo* ^ 
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tion: A molecule of KClOa weighs 39.1+33.5 + 48 = 
122.0 ra.c, and two iiioleeules will weigh 245.3 ]n.c. 
These yield 2EC1, weighing 3 (39.1 + 35.5) — 149.2 ni.e., 
and 30O, weighing 96 ni.c "We must next find the 
weight of ten litres of oxygen gas. To find the weight 
of one litre we multiply the specific gravity of the gas, 
or half molecular weight, by j^. Now, yjfi, x 16 = 
1.44 gramme. Hence, ten litres weigh 14.4 grammes. 
Cut, if 96 m.e. of gas are made from 245,2 m.c. of 
salt, then 14.4 grammes wonld be obtained from a 
qtiantity easily found from the proportion : 



96 ; 246.3 = 14.4 : a; = 



8. 78 grammes. 



I think, after this, we wiU assume that these quan- 
titative relations are all right, and let them tate care 
of themselves. Returning to the experiment, before 
I show that the products are those which I Lave, de- 
Btribed, let me give just a word of caution to any of 
my young friends present, who may lite to repeat it. 

"We find that it is best to mix our chlorate with a 
heavy black powder, known in conmierce as black ox- 
ide of manganese, Wliat the effect of the powder is 
we do not know, for it is wholly imchanged in the 
process. But, in some way or other, jt eases off 
the decomposition, which is otherwise apt to be vio- 
lent. In buying the black oxide of manganese you 
must take care that it has not been adulterated with 
coal-dust^for a mixture of eoal-dust and chlorate ex- 
plodes with dangerous violence when heated, and seri- 
ous accidents have resulted from the cupidity which led 
to such adulteration. Let me, moreover, say in general 
that, although I highly approve of chemical experi- 
ments, as a recreation for boys, they ought always to be 
made under proper oversight, and according to exact 
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(lirectioHB, and I would warmly recommend, as a truBt- 
worthy conipaniou for nil beginners, the abridgment of 
"Eliot and Storer'e Manual of ChemiBtrj," recently 
edited by Prof. Nichcils, of the Institute of Technol- 
ogy- 

But bow Bhall I show you that thie gas we have 
obtained is oxygen i I know of no better way than 
to test it with oneof ourwatch-springmatclies. . . , In 
no other gas will iron bum like this. 

So much for the oxygen. Let us next turn to the 
other product, that I called potassic chloride. This ia 
left in tlie retort, forming a solid residue, but, as it 
would take a long time to bring what we have just 
made into a presentable condition, we must be content 
to see some of the product of a former process, which 
I have in this bottle, 

At a distance, you cannot distinguish the white salt 
from the potassic chlorate with which we started, but, 
if you compared the two carefully, you would see that 
there was a very great difference between them. I 
can only show yon that the crystals of the two salta 
have wholly different forms. For this purpose I have 
crystallized them on separate glass plates, and I will 
now projectia magnified image of the crystals on the 
screen. There you see them beautifully exhibited on the 
two illuminated disks side by side. The square figures 
on the left-hand disk (Fig. 23) are the projections of 
the cubes oi potassic chloride, wliich dift'er utterly in 
form from the rhombic plates of jjoiassia chlorate that 
appear on the right (Fig. 24). 

The second example of an analytical process which 
I have to show you is also familiar to many of my 
audience, and cannot fail to be interesting to the rest ; 
for it is the process by which nitrous oxide is prepared. 
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the gas now bo mocli used by tlie dentists ae an aneea- 

tlietie. It was formerly called liuigliing-gas, but the 

peculiar intoxication it causea, when inhaled under cer- 

iditioiis, Ima been almost forgotten initsyiresent 
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beneficent application in minor snrgery. . Nitrous oxide 
is made from a well-known white salt, prepared from 
one of the secondary products of the gas-worke, and 
called nitrate of ammonia, or ammonic nitrate. When 
this Bait is gently heated in a glass fiask, its moleculea 
split up into those of nitrous oxide and water. 

Again, let ub make use of the time required for the 
experiment to explain the proceBS. The molecules of 
ammonic nitrate have the constitution NaHjOs, and 
the change may be represented thus : 

N,H.O, = 2n,0 + N.O. 

Amidonio Mitmto. Waltr. Kltrous Olidc 

The experiment has been arranged so as to show both 
of the products (Fig. 25). The water condenses in this 
test-tube, while the gas passes forward, and is collected 
over a pneumatic trough. But what evidence can I 
give you that these are, in fact, the products ? Aa re- 
gards the water, you would readily recognize the ia- 
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miliar liquid, which has collected in tlie tube, could 
you examine and taste It. But, as I cannot offer yon 
this evidence, I will seek for another. Most of you 
must be familiar with the remarkable action of the 
alkaline metals on water. You see how this lump of 
potaseiom inHamee the moment it tonchcs the liquid. 




fata, from Ammonic Nitntii. 



Let as now see whether it will act in a similar way on 
the liquid which has condensed in our tube, . . . There 
can bo no doubt that we are dealing with water. Next 
for the gas. Nitrous oxide has the remarkable quality, 
not only of producing aniESthesia, but also of sustain- 
ing the combustion of ordinary combustibles with great 
brilliancy — like oxygen gas. But there is a marked 
difference between nitrous oxide and osygen, which ■ 
an experiment will serve to illustrate, and this, at the 
same time, will show us that the gas we have obtained 
in our experiment is really nitrons oxide. 

Taking a lump of sulphur, I will, in the first place, 
ignite it, and when it is only burning at a few points 
I will immerse it in a jar of oxygen. Aa you see, it at 
once burns up with great brilliancy. Taking now a aim- 
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filar lamp of sulpliiir, and ■waiting until you all admit 
that it 18 ignited more fully than before, I will plunge 
it into this jar of gas we have just prepared, and which 
we assume to be nitrous oxide. ... It at once goes 
out, and the reason is obvious. There is an abundance 
of oxygen in the nitrous oxide — relatively, more than 
twice as much as in the air ; but, in the molecules of 
NjO, the oxygen atoms are bound to the atoms of ni- 
trogen by a certain force, which the sulphur at this ' 
temperature is unable to overcome. Let me, however, 
heat the sulphur to a still higher temperature, until the 
whole surface is burning, and you see that it burns as 
brilliantly in the compound as it does in the element- 
ary gas. 

The last example of an analytical reaction, which 
we shall have time to examine, is furnished by a re- 
markable compound of iodine and nitrogen, called 
iodide of nitrogen. Iodine is an elementary substance, 
reserabhng chlorine, which is extracted from kelp, that 
common broad-leafed sea-weed abounding on our coast. 
It is a very volatile solid, and gives a violet-colored va- 
por, whence its name from the Greek word iraSi;?. "When 
heated gently with aqua ammonia, the iodine takes 
from the ammonia a portion of nitrogen, and forms 
with it a very explosive compound whose molecule has 
the constitution NI3. We have prepared a small quan- 
tity of the substance, and the black powder is now rest- 
ing on tills anvil, wrapped in filtering-paper. The 
filightest friction is sufficient to determine the break- 
ing up of these very unstable molecules, and the de- 
composition of the compound into iodine and nitro- 
gen. A mere touch with a hammer is followed by a 
loud report, when you notice a cloud of violet vapor, 
which indicates that the iodine has been set free : 
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la this case, as in previous examples, the atoms, when 
liberated, unite in pairs to form molecules of uitrogen i 
gas on the one aide, and molecules of iodiue-vapor on | 
the other ; and, since a single molecule does not jield 
an even number of atoms of either kind, we donble 
the symbols. 

There is one eharacteristie of analytical reactions 
which must be carefully noticed. The pai-ting of atoms 
(and it must be remembered that by an analytical reac- 
tion we merely mean this phase of a chemical proceBs) 
ia attended by the absorption of heat ; althoagh — as in 
the last experiment — the efEect is often masked by other 
causes. But this truth can only be made evident by , 
compaiTiig the results of careful measurements, which 
cannot be made rapidly, and whose discussion, even, 
would be ont of place at this time. I must, therefore, 
content myself with stating the fact as one of the defi- 
nite results of science, and pass on to some examples of 
syntheaia— reactions of the opposite class. 

One of the most striking illustrations of the direct 
union of two molecules, to form a third, is furnished by 
the action of ammonia gas on hydrochloric-acid gas. 
Without entering into any details in regard to the pro- 
eeaees by which these two aeriform substances are pre- 
pared, let it be sufficient to say that, in the glass flask 
on the right-hand side of this apparatus (Fig. 36), are 
the materials for making hydrochloric acid, and in the 
similar flask on the left those for making ammonia. 
The exit-tubes from these flasks deliver the two gasee 
into this large glass bell, where they meet, and the 
chemical reaction takes place. Tho reaction ia veiy 
limple, and one in regard to which we have no doubt, 
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for the molecules of both of the factors liave been 
weighed and analyzed. It ib expressed thus : 
NH, + HCl = NH,0?. 

Ammoniu Gru. ll^diocbloric-Acid Gu. A"l1 1i1tlln Cblorldo. 
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Aa you see, the atoms of a multiLuli, ot immonia unite 
with those ot a molecule ot hydiochlonc acid to form 
a single mo!e<Mi]e of immonic chloride, and, although 
the reaction may imply the breaking up, to a certain 
extent, of the molecules of the two factors, yet the 
^^^ subsequent syntheais is the chief feature. Animonic 
^^L chloride is a solid, and the sudden production, from 
^^^^. two invisible gases, of the white particles of this salt, 
^^H which fill the bell with a dense cloud, is a very strik- 
I ing phenomenon. 

The second example of synthesis I have chosen is 

I equally striking. Here, also, the factors jii the reaction 
are both gases. 
The lower jar (Tig. 27) contains a gas called nitric 
oxide, like nitrous oxiile, a compound of oxygen and 
^trogen, but containing a relatively larger proportion 
oi oxygen. Its molecule has the constitution NO. 
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Tlie upper jar contains oxygen, and, on removing the | 
thin glass wUit'li now separates the two gases, you no- 
tice an instantaneous change. A deep 
vapor soon fills the glass. This red prod- ' 
net is still another compound of nitrogen 
• and oxygen, called nitric peroxide, whose j 
symbol is NO,, and the reaction is simply 
this: 

2tfO + 0^0 = 2N0,. 



Here a molecule of nitric oxide takes only 
an atom of oxygen, and, since each mole- 
cule of oxygen gas consists of two atoms, it | 
will supply the needof twomoleculesof NO. 
Since the two factors and the single prod- 
uct of this process are all gases, the reaction 
'^biStui^'Sf before us is well adapted to illustrate another 
«da^n fact in regard to our symbols, of which I 
'^"' have not as yet directly spoken. If, in 

writing reactions, care is taken that each term shall 
always represent one or more perfect molecules, so far ' 
as tlieir constitution is known — then the symbols will 
always indicate, not only the relative weights, but also 
tlio relative volumes of the several factors and products I 
when in the state of gas. Tliat this must be the case, 
you will see when you remember that equal volumes 
of all gases under the same conditions have the sa 
number of molecules, and hence that all gas-molecules I 
have the same volume. The symbol of one molecule rep- 1 
resents what we will call a unit volume, and the number 
of these unit volumes concerned in any reaction is the 
same as the number of molecules. We can read He 1 
reaction before us thus : Two volumes of nitric-oxide- 1 
and one volume of oxygen gas yield two volumes of A 
nitric peroxide. 
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Three volumes, therefore, become two. If this is 
the case, there must be a partial vacuum in the jar, 
and, on opening the stop-cock, you hear the whistle 
which the current of air produces as it rushes in to es- 
tablish an equilibriimi. 

We eomo now to still another example of a syn- 
thetical reaction, and, to illustrate this, the apparatus 
before you has been prepared (Fig. 2;). 
The metallic leaf in the upper of the two 
glass jars is made of brass, which eonsists 
of the two metals, zinc and copper. In 
the lower jar we have chlorine gas. The 
,air has been exhausted from the upper 
■Jar by a pump, and, on opening the stop- 
cock, the chlorine gas will rush in from 
the lower Jar to take its place. Chemical 
union at once results, and notice the ap- 
pearance of flame, which is an indication 
, that great heat is produced by this chemical 
change. The change here is very simple. 
The atoms of chlorine unite directly with fib. K.-uiion of 
the atoms both of zinc and of copper, tibm]. 
forming two compounds, which we call 
respectively zineic chloride, and cupric chloride. One 
reaction will servo for both metals, as the two are sim- 
ilar, differing only in the symbols of the metals. Take 
copper — 

Cu + Cl-Cl = CnOl,. 

Copper. Chlorine Gns. Cupric Chloride. 

As in analytical reactions heat is absorbed, so in 
■nthetical reactions heat is evolved. You were all 
twitnesses of the fact that heat was evolved in this last 
■reaction, and it is equally true that heat was devel- 
I oped in each of the two previous experiments. In the 
^combination of ammonia with hydrochloric acid (Fig. 
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26), this fact was made evident by the thermometer we 
placed in the bell tbr the puriKise, and in the combina- 
tion of nitric oxide with oxygen by the initial expan- 
sion which attended the first union of the two gases, 
and which would have liiled otf the upper bell (Fig. 
27), bad I not firmly held it in its place. As, however, 
the product rapidly cooled to the temperature of the 
air, the initial expansion was soon followed by the con- 
densation to which I called your attention. 

Now, the principle illustrated "by these three experi- 
ments is universally true, and the point is so impor- 
tant that I will make stiil another experiment in order 
to illustrate this feature of synthetical reaction» still 
further. In this glass I have placed a small piece of 
phosphorus, and now I will drop upon it a few crys- 
tals of iodine. Direct combination between the phos- 
phorus and iodine at once takes place, and the heat 
developed by this union is sufficient to inflame the un- 
combined phosphorus which I have intentionally added I 
in excess. 

The principle here illustrated is one of the greatest I 
importance in the theory of chemistry, and this class I 
of phenomena has been the object of extended inves- f 
tigation. Not only has it been shown that the prin- j 
ciple here stated is in general true, bnt also that the | 
amount of heat liberated by the union of the same J 
atoms to form the same molecules is always constant, 
and this amount has, in very many cases, been meas- 
nred. It has further been proved by actual experiment J 
that, when, by any cause, the atoms thus joined are sep- j 
arated, exactly the same amount of heat is absorbed. 
In chemical processes, where, as a general rule, there ] 
are both analysis and synthesis, the thermal relatioQH I 
depend primarily on the extent to which these two ef- 
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rfects neutralize each other; but changes in the state of 
a^regation, aud other physical causes, constantly inter- 
vene to modify the result. 
There is one class of chemical processes in which 
the thermal effects are so great, bo striking, and so im- 
portant, as to subordiuate all other phenomena. I re- 
fer to the common pi-ocesses of combustion, on which 
we depend for all our artificial light and heat. To 
these processes I shall next ask your attention, for, al- 
though they are only further illustrations of the princi- 
Iple just stated, yet, they play such an important part in 
Nature, and have been so often the battle-ground be- 
tween rival chemical theories, that they demand our 
separate attention. I will open the subject by burning 
in the air a piece of phosphoi 
Before this intelligent audience it is surely unneces- 
sary to dwell on the elementary facts connected with 
the class of phenomena of which tliis is the type. It 
will only be necessary for me to call to your recollec- 
tion the main points, and then to pass to the few feat^ 
nres which I desire especially to illusti'ate. In regard 
to the main points, no experiment could be more in- 
stmctive than this. This large glass Jar is filled with 
the same atmospheric air in which we live. Of tliis 
atmosplieric air one-fifth of the whole material consists 
of molecules of oxygen gas in a perfectly free and un- 
combined condition ; for, although they are mixed with 
molecules of nitrogen gaa, in the proportion of four to 
one, and, although the presence of this great mass of 
inert material greatly mitigates the violence of our or- 
dinary processes of burning, it dties not, in any other re- 

I Bpect, alter the chemical relations of the oxygen gas to 

^^^^ combnetible substances. These combustibles are, for 
^^^k the most part, compounds of a few elements — carbon. 
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liydrogen, sulphur, and phoephonis — including the ele- 
mentary Buhstancea tliemselves, and onr common com- 
hnetibles are almost exclueively compounds of hydrogen 
and carbon only. Their peculiar relations to the atmos- 
phere depend solely on the fact that the atoms of these 
bodies attract oxygen atoms with exceeding energy, 
and it is only necessary to excite a little molecular ac- 
tivity in order to determine chemical union between 
the two. This union is a simple synthetical reaction, 
and, like all processes of that class, it is attended with 
the liberation of Iieat. The chief feature which dia- 
tinguishes the processes of burning from other synthet- 
ical reactions is the circumstance that the heat gen- 
crated during the combination is sufficient to produce 
ignition — in other words, to raise the temperature of 
the materials present to that point at which they be- 
come lominous, and the brilliant phenomena which 
thus result tend to divert the attention from the Bim- 
ple chemical change, of which they are merely the out- 
ward manifestation. In the case of our ordinary com- 
bustibles, the real nature of the process is still further 
obscured by the additional circumstance that the prod- 
ucts of the burning — carbonic dioxide and aqueous va- 
por—are invisible gases, which, by mixing with the 
atmosphere, so completely escape rude observation that 
their existence even was not suspected until about a 
century ago, when carbonic dioxide was first discovered 
by Dr. Black. Although these aeriform products neces- 
sarily contain the whole material, both of the combus- 
tible and of the oxygen with which the combustible has 
combined, there is a seeming annihilation of the com- 
bustible, which completely deceived the earlier chem- 
ists. In the case before us, however, the product of 
the combustion is a solid, and it is this cirenmBtance 
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■wtieh mates the experiment bo instructive. Almost 
every step of the process can be bore seen. You no- 
ticed tliat we lighted the phoaphoras in order to start 
the combustion — for this combustible, lihe every other, 
must be heated to a certain definite temperature before 
giit bursts into flame. This temperature is usually called 
J point of ignition, and differs greatly for different 
^mbustiblee. While phosphorus inflames below the 
mperatuj-e of boiling water, eoal and similar combua- 
tbles require a full red heat. If, as our modem theory 
, incrcaeed temperature merely means an iu- 
creased velocity of molecular motion, the explanation 
of these facts would seem to be that a certain intensity 
of molecular activity is necessary in order to bring the 
molecules of oxygen sufficiently near to those of the 
combustible to enable the atoms to unite, and that the 
point of ignition is simply the temperature at which 
the requisite molecular momentum is attained. But 
i oneo started continues of itself, for it is a 
laracteristic of those substances we call combustible 
s soon as a part of the body is inflamed, the heat 
ieveloped by the chemical union is sufficient to main- 
tain the temperature of the adjacent mass at the igni- 
""iion-point. 

Passing next to the chemical process itself, nothing 
could be simpler than the change which is taking place 
in the experiment before us. It is an example of di- 
rect synthesis. This white powder which you see 
falUng in such abundant flakes is the solid smoke of 
Jthia flro. It is formed by the union of the phosphorus 
Rnd oxygen — two atoms of phosphorus uniting with 
Stve of oxygen to fonn a molecule of this solid, which 
i call phosphoric oxide, and whose symbol we may 
rite thus, PjOq. 



J 
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But, noitlier the conditions of the burning nor the 
chemical cliange itself, although eo beautifully illus- 
trated here, are nearly so prominent facte as the mani- 
festation of light and beat, which attends the process ; 
and these brilliant phenomena wholly engrossed the 
attention of the world until comparatively recently, and 
indeed they etill point out what is really the moat im- 
portant circumsLince connected with this class of phe- 
nomena. Tiie union of combustible bodies with oxy- 
gen is attended with the development of an immense 
amount of energy, which taltcs the form of light or 
heat, as the case may be. Moreover, it is also trae that 
the amount of energy thus developed depends solely 
on the amount of combustible burnt, and not at all on 
the circumstance that the burning is rapid or slow. 
Thus, in the ease before us, the amount of heat devel- 
oped by the burning of an ounce of phosphorus ia a 
perfectly definite quantity, and would not be increased 
if the combustion were made vastly more intense. So 
it is with other combustibles. The table before you 
gives the amount of energy developed by the burning 
of one pound of several of the more conunon combus- 

Calorific Power from One Pound of Each Comhistible. 
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03,033 
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9,fl83,890 
8,141, 880 
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. tibles, estimated, in the first place, in our common units 
of heat, and, in the second place, in foot-ponnds. But, 
although the amount of energy is thus constant, dc- 
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I pending solely on the amount of the combustible bunit, 
the brilliancy of the eifect may difl'er immensely, A 
Striking illustration of this fact I can readily show yon. 
For thia purpose I will now repeat the laet experi- 
ment, with only this difference, that, instead of burning 
the phosphorus in air, I will bum the same amount as 
before in a globe filled with pure oxygen. Wo shall, 
of course, expect a more violent action, bceduse, there 
being here no nitrogen-molecules, there are five times 
as manymoleculosof oxygen in the same space. Hence, 
there are five times as many molecules of oxygen in con- 
tact with the phosphorus at once, and five wilt combine 
with the phosphorus in the same time that one did be- 
fore. But, with this exception, all the otl»er conditions 
of the two experiments are identical. "Wo have the 
same combustible, and the same amount of it burnt, 
^^^ We have, therefore, the same amount of energy devel- 
^^^L.0ped, and yet how different the effect I Phosphorus 
^^^■tliims brightly even in air, but here we have vastly 
^^F greater brilliancy, and the intensity of the light is 
blinding. % 

What is the cause of the difference ? One obvious 
^^^ explanation will occur to al! : The energy in thia last 
^^L experiment has been concentrated. Although only the 
^^^Bfiame amount of heat is produced in the two cases, yet, 
^^H^ in the last, it is liberated in one fifth of the time, and 
the effect is proportionally more intense. The inten- 
sity of the effect is shown simply in two circumstances : 
first, a higher temperature ; and, secondly, a more brill- 
iant light. Of these, the first is fully accounted for in 
the explanation just suggested ; for, if five times as 
^^^ much heat is liberated in a given time, it must neees- 
^^^Learily raise the temperature of surrounding bodies to a 
^^^■^nnch higher degree. I need not go beyond your famil- 
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iar experience to estalilish tliis principle, altlioagli tem 
perature is a complex effect, depending, not only on thej 
amount of beat liberated, but also on the nature of the] 
material to be heated, and on conditions which deter- 1 
mine the rapidity with which the heat is dissipated, 1 
But the matter of the light is not so obvious. Why 
should more rapid burning be attended with more brill- 
iant light"! It is Bo in the present case ; but is it al- 
ways 80 ? We can best answer this question by a few J 
experiments, which will teach us what are the condi-i 
tions under which energy taltes the form of light ; but I 
these experiments we must reserve until the next lect- 9 
uro. 
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THE TIIEOKy OF COMBtTSTION'. 

As OUT last hour closed, we were studying the plie- 
nomena of coinbnstion. I had abeady illustrated the 
fact that, so far as the chemical ehauge was concerned, 
these processes were examples of siciplo synthesis, con- 
Bisting in the union of the combustible atoms with the 
oxygen atoms of the air, and that the sole circumstance 
which distinguished these processes from other synthet- 
ical reactions was the amount of energy developed. 
There were three points to which I dh-ected your at- 
tention in connection with this subject : 1. The con- 
dition of molecular activity, measured by the tempera- 
tui-e or point of ignition, which the process recjdires. 

2. The chemical change itself, always very simple. 

3. The amount of energy developed, and the form 
of its manifcstattoQ. This last point is the phase of 
these phenomena which absorbs the attention of be- 
holders, and the one which we have chiefly to study. I 
etated in the last lecture that the amount of energy de- 
veloped depended solely on the nature and amount of 
the combustible burnt, but I also showed that both the 
intensity and the mode of manifestation of this energy 
varied very greatly with the circumstances of the ex- 
periment. The iutensity of the action we traced at 
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onco to tlie rapidity of the combustion, but the eondi-"1 
tions wliich determine whether the energy developed i 
shall take the form of heat or light we have still to in- 
vestigate, and no combustible is bo well adapted aal 
hydrogen gas to teach us what we seek to knov 

Here, then, wo have a burning jet of hydrogen. Ifc I 
is not beat for me to describe, in this connection, either] 
the process or the apparatus by which this elementary I 
snbBtance is made, and a constant supply maintained f 
at the burner, as I wish now to ask your attention ex- 
clusively to the phenomena attending the burning of , 
the gas ; and let me point out to you, in the first place, 
that hydrogen burns ^^nth a very well-marked 3ame. 
The flame ia so slightly luminous that I am afraid it 
cannot be seen at the end of the hall, but I can mako 
it visible by puffing Into it a little charcoal-powder. I 
Now, all gases bum with a flame, and flame is sira- 1 
ply a mass of gas burning on its exterior siu-face. " Aa 
the gas issues from the orifice of the bui-ner, the cur- 
rent pushes aside the air, and a mass of gas rises &otn 
the jet. If' the gas is lighted — that is, raised to the ' 
point of ignition — this mass begins to combine with 1 
the oxygen atoms of the air at the surface of contact, ] 
and the size of the flame depends on the rapidity with, j 
which the gas is consumed as compared with the rapid- 1 
ity with which it is supplied. By regulating the eap- J 
^^1 ply with a cock, as every one knows, I csin enlarge or a 

^^B diminish the size at will. 
^^B Tiie conical form of a quiet flame results from the'l 

^^M circumstance that the gas, as it rises, is consumed, and I 
^^M thus the burning mass, which may have a considerable I 
^^M diameter near the orifice of the jet, rapidly shi-iabe to J 
^^1 a point as it burns in ascending. 
^H Eut we must not spend too much time with these I 

Bk 
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f details, lest we sliould lose sight of the eliemieal phi- 
losophy, whicli it is the main object of this course to 
illusti-ate. Tho chemical change here is even more 
simple than iu the experiment with phosphorus, and 
consistB solely in a direct union of the hydrogen atoniB 
of the gas with the oxygen atoms of the air. Indeed, 
in another connection, we studied the reaction at an 
early stage in this course of lectures ; when, in order 
to illustrate the clmractcristie feature of chemical combi- 
nation, we exploded a mixture of hydrogen and oxygen 
gases. The reaction obtained under those coaditiona 

I was identical with that here. We had not then learned 
to express the chemical change with symbols ; but now I 
may venture to write the reaction on the black-board : 
an-H 4- 0=0 = 2H,0. 
nydroguQ aaa, Oij'gen Cui. Siemu. 

It would be very easy to show yon that, as the sym- 
bols indicate, from two volumes of hydrogen, and one 
of oxygen, two volumes of steam are formed ; bnt the 
experiment requires a great deal of time, and tho re- 
sult could not readily he made visible to this audience, 
I must content myself with proving that water ia really 
produced by the hydrogen flame. 

Tho apparatus we use loots complicated, but is, 
in fact, very simple (Fig. 29). By means of an aspira- 
the products of combustion are sucked througli a 
long glass tube, which is kept cool by a cuiTent of wa- 
ter in a jacket outside. The flama bums under the 
open and flaring mouth of the tnbe, and the liquid, 
which condenses, drops into" a bottle at the other end. 

Tou must not expect that any considerable amomit 
of water can be produced in this way. In tho union 
of tho two gases to liquid water, a condensation of 
-1,800 times takes place, so that, in order to obtain a. 
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qtiart of liquid water, wo must bnra 1,200 quarts of 
hydrogen gas, and take from the air 600 quarts of pure 
oxygon ; and this, on the scale of our experimentj 
would be a very slow process.- We have here obtained 
barely an ounce of liquid, although the jet has beea 
burning for more than an hour. In order to show thafej 
the product is really water, I will apply the same test 
I used in a former experiment. We will pour thi 
liquid into a shallow dish, and drop upon if a bit of' 
potassium. . . . The hydrogen -flame, which at 
buTflts furthj gives the evidence we seek. 



1 




Such, then, being the nature of the chemical pp(H"* 
cess before us, let me pass on to that feature of this J 
flame which is at once the most conspicuous and tbe'i 
most important phase of the phenomenon, namely, T 
development of energy. Here, again, we have becomal 
acquainted with the important facts bearing on thisa 
question. In a previous lecture I told yon that, in tid 
burning of a pound of hydrogen, sufficient energy y 
developed to raise a weight of 47,888,400 pounds t 
the height of one foot, and these flgares are inclm 
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among other data of the same kind, in the diagram 
Btill before you. {See page ISG.) I also endeavored to 
impress on your minds the magnitude of'tbia energy 
by showing that, with a hydrogen-flame, a temperature 
can be obtained at -which steel bums lilio tinder. In 
that experiment, however, the energy was intensified 
to a far greater degree than in the flame we have here ; 
for, although this tlame is very hot, it is wholly inade- 
quate to produce the effects yon before witnessed. The 
intensity was then gained just as in our experiment with 
phosphorus, by burning the hydrogen in pure oxygen, 
instead of air; and you remember the apparatus, called 
the eompoond blow-pipe, by which this result was ob- 
tained. 

The ilame of the blow-pipe emits a pale-blue light, 
but ie eo slightly luminous that it can hardly be seen 
at any distance in this large hall, and yet, as we know, 
it ia intensely hot. You have seen how steel defla- 
grates before it, and I will now show you its effect on 
several other metals {copper, zinc, silver, and lead). 
You notice that they all bum freely, and that each im- 
parts to the flame a eharaeteristic color, and, I may add, 
in passing, that spectrum analysis, which has achieved 
Buch great results during the last few years, ia based on 
these chromatic phenomena. 

But the experiments you have just seen, although 
so brilhant and instructive, have not yet given us much 
help toward the solution of the problem we proposed 
to investigate, viz., the conditions under which the en- 
ergy of combustion is manifested in the form of light. 
They have, however, helped us thus far : they have 
shown that the light cannot depend upon the rapidity of 
the combustion or the temperature of the flame alone, 
for here we have intense energy and a very high tem- 
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perature williout liglit. Moreover, they have presented!] 
118 with a phenomeuon, which differs from that we wit-, 
ncssed at the cIobg of the last lectcre, in the very point, 
we are investigating : phosphorus bums in oxygett; 
with a moat brilliant light ; hydrogen bums in oxjgeni 
with scarcely any light. 

Now, it is evident that the cause of the light mast 
be some circumstance of the first experiment, which 
does not exist in this, and, by comparing the two to- 
gether, wc may hope to reach a definite result. At firat 
sight, this comparison reveals only resemblances. Both 
processes consist in the union of combustible material 
wfth oxygen. la the one case it is the atoms of phos- 
phorus, and in the other the atoms of hydrogen, which 
combine with the atoms of the oxygen gas. Otherwiee; 
the chemical change is the same in both cases, and we' 
cannot therefore refer the light to any difference in the 
process. Again, in both processes a very large amount 
of energy is developed, but, so far as there is any differ- 
ence, that difference is in favor of the hydrogen, which 
gives the least light. So, also, in both processes, a 
very high temperature is attained ; but a simple calcn- 
lation will show that the temperature of the hydrogen- 
flame is higher than that of the pliosphorus-fiame, and 
BO the light cannot be an effect solely of temperature. 
Can it bo that the difference is due to the circumstance 
that the combustible in one case is a solid, and in the 
oUier a gas "i Here, at least, is a difference, which 
gives us a starting-point in our investigation. But wo 
ehall not pursue the investigation far before we find 
that this difference is wholly illusory. It will appear 
that phosphorus is a very volatile solid, and that it is 
wholly converted into vapor before burning ; so that, 
ill fact, we are dealing in both cases with burning gas. 
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I In looking round for otlier differences wo ehaU 
recognize that there la a marked difl'erence in the 
products of the two proecasea. The product iu one 
case is phosphoric oxide, and in the otlier case water. 
Water is volatile, and is evolved in the state of vapor. 
Phosphoric oxide ia a highly-fixed sohd, and condenses 
in those snow-lilie flakea which yon saw falling in tho 
jar at tho last lecture. May it not be that the circtun- 
Btance that the product in the one ease is a solid, and 
I in the other a gas, ia the cause of the difference in the 
I light? In the pliosphorus-lLanie there are solid parti- 
F cles of phosphoric oxide, while in the hydrogen-flamo 
I there are no solid particles whatever. Can this be tho 
I cause of the dilference 3 Here, at least, is another 
I starting-point for onr investigation. 

An obvions mode of discovering -whether there ia 
I any value in this suggestion is to introduce non-vola- 
Itilo solid matter into the blow-pipe flame, and observe 
whether tho light of the flame is affected thereby, Tho 
Itlemperature of the flame ia so high tliat there are but 
1-few Bolida which are sufficiently fixed for our experi- 
•■ment. One, however, which is admirably adapted for 
four pnrpoae, ia at hand, and that is lime. In order, 
then, to answer the question that has been raised, let 
us introduce into the flame a bit of lime, or, what 
amounts to the same thing, allow the flame to play 
against a cylinder of this material. (In an instant the 
hall ia most briiliantly illuminated.) The question ia ' 
answered, and there ia no plainer answer tlian that 

t given hy a well-considered experiment, 
And here let me ask your attention to the method 
we have followed, because it illustrates, in the most 
Btriking manner, the method of science. When we 
iridi to discover the cause of an effect observed in any 
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pbenomcEon, wo begin by varying the conditionB of 
the plicnomcnon until at last we tiiiil tliat tlie effect 
varicB, or perhaps even diEappears, That is, we try a 
Bcries of experiments, varying the conditions at each 
trial, until at last we succeed in climinatiug the elfeet. 
This having been done, we next compare the condi- 
tions under which the effect appears and those under 
which it does not. Those conditions common to both 
experiments are at once eliminated, while those which 
are different in the two are carefully considered, and 
experiments are devised to test their influence on the 
effect until at laet the cause is made evident. Thus 
WQ sought to find the cause of the hght generally pro- 
duced by combustion. We began by burning different 
combustibles until we found one which gave out little 
or no light. We next compared the burning of phos- 
phorus in oxygen, which gave a very intense light, 
with the burning of hydrogen, which gave little or 
none. We found that the only important difference 
between the two cases was the circumstance that the 
phosphorus-flame contained particles of solid matter, 
while the hydrogcn-flarao eontaiued none, and in order 
to test the effect of the difference, which the compari- 
son suggested, wo placed solid matter in the hydrogen- 
flame, when the cause of the light became evident. 
This method of comparing phenomena as a means of 
discovering the cause of effects which are prominent in 
one, although common to both, is frequently called 
differentiation, and it is one of the most valuable 
methods of science. If I have succeeded in giving' 
you some idea of the method, the time we have do- 
voted to these experiments has been well spent. 

You will grant, I tWnk, that wehave now established 
the following points in regard to tlie theory of combos- 
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tion : 1. Tliat the process requires a certain degree of 
molecular activity, measured roughly by what we call 
the point of ignition. 2. That the chemical change 
consists simply in the union of the combnstiLle with 
the oxygen of the air. 3. That these processes differ 
P from other examples of synthesis chiefly in the circum- 
► stance that the union of the oxygen atoms with those 
of our ordinary combustibles is attended with an 
extraordinary development of energy, i. That the 
amount of this energy is constant for the same com- 
bustible, and is in each case e.xactly proportional to 
k the amount of fuel burnt. 5. That the intensity of 
L the effect depends on the rapidity of the combustion, 
t the energy usually manifesting itself as heat, bnt tak- 
! ing also the form of light when non-volatile solid parti- 
cles are present.' 

"Were we to limit our regards solely to the theory 
[ of combustion, there would be no necessity of pursu- 
I ing the subject further ; but additional experiments 
' may be of value by helping you to associate these 
principles with your previous experience. To this end 
I propose to ask your attention to the burning of one 
of the most familiar combustibles, viz., carbon in the 
form of charcoal, and, in order to hasten the process, 
we will burn the chHrcoal in oxygen gas instead of air. 
Placing, then, a few lumps of charcoal, previously ignit- 
ed, in a deflagi'ating spoon, I will introduce them into 
this large Jar of oxygen gas, ... As you ece, the char- 
coal bums more brilliantly than in air. But even in 
the pm-e gas the burning is by no means very rapid, 
and the reason is obvious. Since carbon, in all its 

' In order to give a coroplele view of the subject, it would be necpflsarj 
to show further that liquids, ond oven vnpors, under cerluin condilions, 
maj become brilliant sources of light. 
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foruiB, is non-volatile, the molecules of tLe diarcoal 
caonot leave the solid liimpB. Tlicy do not, tliereforo, 
go half-way to meet the oxygen-molecules, hut simply 
receive those which are driven against the surface of 
the coala. Ilence tlie process depends on the activity 
of the oxygen-molecules alone, and, since the number 
of these molecules which can reach the combustible in 
A given time is limited by the extent of its surfece, it 
is evident that with these lumps of coal we cannot 
expect very rapid burning even in pm-e oxygen. If, 
however, our theory is correct, we should greatly in- 
crease the rapidity by breaking up the lumps, and thus 
increasing the surface of contact with the gas. Let ns 
see if the result answers our expectations. 

Taking, then, some finely - pulverized charcoal, 
already ignited (by heating the mass in an iron dish 
over a epirit-htnip), I will sift the red-hot powder from 
an iron spoon into another large jar filled with oxy- 
gen. . . . Nothing we have yet seen has exceeded tlie 
Bplendor of the chemical action which now results. 
Tliis dazzling light is radiated by the glowing particles 
of cliarcoal, which, after they have become incandes- 
cent, retain their solid condition until the last atom of 
carbon is consumed, giving us another illustration of 
the influence of this circiimstanco on the light : and 
let me again call your attention to the great fixity of 
carbon which the experiment also illustrates, and you 
will at once recognize the importance of this quality 
of the elementary substance in localizing our flires, as 
well as limiting their intensity, and -will see that the 
use of coal as fuel wholly depends upon it. 

Turn next to the chemical change itself. This, ns 
in the other similar processes we have studied, is an 
example of simple synthesis, consisting in the anion 
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^^B'bf the carbon atoms ■with oxygen. As to tho natnro 
^^Bof tlie product formed, a Bmglc experimont will give 
^^B you all the information yon desire. 
^^H After removing tho deflagrating spoon with the 
^^B residue of the charcoal lumps from the £rst of the 
^^ two jars, I will ask you to notice the fact that tho 

atmosphere within remains as trausparent as before. 

The eye can detect no evidence of change, yet all the 

■ charcoal that has disappeared has been taken up by 
this atmosphere, and, could we readily weigh the mass 
of gas, I could show you that the weight had been in- 
creased by tho exact weight of the coal absorbed. In- 
deed, the density has been so greatly enhanced that I 
can pour the gas from one vessel to anothcrvery much 

I as I woidd water. Let me pour some of it from tho 
jar into a tall glass half filled already with lime-water. 
... It looks like child's-play; but the transfer has 
been made, and now, on shaking tho gas and lime- 
water together, the liquid becomes milky. 
You at once recognize the product : chalk has been 
formed in the lime-water, and the gas left after tho 
burning ceased in the jar must be the same carbonic 
dioxide wo have previously studied. We made tho 
analysis of this auriform substance in a previous lect- 
ure, and we have now made the synthesis. See how 
simply we express the reaction : 



A fact is indicated by this reaction, which we must 
I not overlook. The volume of the carbonic dioxide 
f (OOj) obtained is exactly equal to the volume of tho 
I oxygen gas (0=0) employed. In this experiment wo 
[ Bsed a jarful of oxygen and wo obtained a jarful of 
F' carbonic dioxide. The material of the burnt charcoal 
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is taken up into the gas atom by atom, actually ab- 
sorbed by it as a eponge absorbs water. Every mole- 
cule of oxygen which strikee against the charcoal flies 
oii' with an atom of carbon, forming with it the mole- 
cule of carbonic dioxide which, of course, occupies the 
same space as the previous molecule of oxygen gas. 
Hence it is tbst the vast amount of carbon which is 
being constantly absorbed by the atmosphere, as it 
passes through our grates and furnaces, does not alter 
its volume. "Would that I might impress this re- 
markable fact on your imagination 1 Consider how 
mnch coal is being burnt evei-y day in a city lite this — 
hundreds and hundreds of tons I Conceive of what a 
mass it would make, more than fiUing this large hall 
from floor to ceiling, and yet in our city alone this 
enormous black mass is in twenty-four hours absorbed 
by the transparent air, picked up and cari'ied away 
bodily, atom by atom, by the oxygen-molecules. 

Turn now to the energy developed in this process. 
Our diagram indicates that the amount of energy de- 
veloped by the burning of a pound of coal is very ■ 
much less thnn that obtained with a pound of hydro- 
gen. But then it must be remerahered how attenuated 
hydrogen gas is ; if, instead of comparing equal weights, 
we compare equal volumes, we shall find that the differ^ 
enee is vastly in favor of carbon. , 

Most of the combustible materials, however, which 1 
we use as fuel, consist of both hydrogen and carbon; 
but the phenomena we have studied in the burning of 
tho elementary substances reappear with these familiar j 
combustibles, and, in regard to them, there are only a I 
few special points to he noticed. On many of these i 
substances, such as naphtha, paraffine, stearine, wax, oil, 
and the lil;e, the effect of the heat is to generate illu' 



I " 

I 



XUE FAMILY GAS-FACTORT. 207 

niinating gas, which is the eoiirce of most df our arti- 
ficial light. In our cities and large towns the gas is 
made for ua by a special process, but it must be remem- 
bered that eveiy lamp and candle is a small gas-fae- 
lory. Flame is always bumiiig gas, and the gaa 
which we bum in our lamps and candles is very similar 
to that supplied by the Boston Gas Company : the only 
difference is that the gas, instead of being made from 
bituminous coal, is made from petroleum or wax, and, 
instead of being made at the"!North End" and dis- 
tributed throngh pipes to distant burners, is burnt as 
fast as it is made. The heat generated by the burning 
gas is so great that it volatilizes the oil or wax fast 
enough to supply the flame, and then the mechanism 
of the wick comes into play to beep the parts of these 
natm-al gas machines in perfect mnning order. In- 
deed, a common candle, simple as it appears to be, is 
a most wonderful apparatus, and I should be glad to 
occupy the whole hour in explaining the adaptation of 
its parts ; but I have only time«for a few illustrations, 
which show that in these luminous flames, as in the 
other cases of combustion we have studied, the light 
comes from incandescent solid particles. 

Of the two constituents of the combustible gas 
which forms the flame, hydrogen is the most combusti- 
ble, and under ordmary conditions is the first to bum, 
setting free, for a moment, the accompanying carbon in 
the form of a fine soot which fills the light-giving cone. 
This dust ia at once intensely heated, and each glowing 
particle becomes a centre of radiation, throwing out its 
lominoua pulsations in every direction. The sparks 
last, however, but an instant, for the next moment the 
charcoal is itself consumed by the fierce oxygen, now 
aroused to full activity, and only a transparent gas rises 
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from the flarae. But the eamo process continues ; other 
particles succeed, which become ignited in tboir him, 
and hence, although the sparks are evanescent, the light 
is continuous. J 

I might illustrnte this theory by the familiar fact tbatl 
Boot IB at once emitted from all these luminous flames, I 
whenever the draft becomes so far interrupted that it 
does not supply sufficient oxygen to bum completely 
the carbon particles; but a still more EtrikingilluBtration 
is furnished by the simple contrivance we employ in the 
laboratory for preventing the deposition of this soot on 
the heating surfaces of our chemical vessels. We use . 
for this purpose a gae-bumer invented by Prof. Bansen, J 
of Heidelberg, and known by Ms name, in which air i»<l 
mixed with the hydrocarbon gas before it is burnt, t 
But this air, while it prevents the formation of soot, 1 
at the same time destroys the illuminating power of the I 
flame. The molecules of the hydrocarbon gas beingj 
now in near proximity to the molecules of oxygen re-l 
quired for complete combustion, the difference of a.?'m 
finity of oxygen for the carbon and hydrogen atoms J 
does not come into play. There is enougli oxygen fiir ' 
all, and the result is that no carbon-particles are set 
free in the flame. We have no soot, and therefor© no^ 
light. I 

In this Euusen lamp the size of the apertures, by* 
which the air enters at the base of the burner, may be 
regulated by a valve, and you notice that on closing 
this valve the flame at once becomes luminous. Open 
it again so that the gas shall mix with air before burn- 
ing, and tbo energy no longer takes the form of light. 
See, nevertheless, how brightly the flame ignites this 

Leoil of platinum wire, showing that there is no want^^^H 



WHAT BECOMES OF TDE CANDLE. 209 

Tiie flame of a wood or soft-coal fire is also a gas- 
flame. Tho first cffuet of heat on these bodies is to 
generate illuminating gas, and to this cii'ciunstance, as 
in tlie case of tbc candle, tbo flame is due, but after a 
while all the hydrogen is driven off, and we have then, 
in the glowing embers, the flanieless combustion of 
carbon. 

The chemical change which takes place in the burn- 
ing of hydrocarbon fuels is in no way affected by the 
circumstance that the hydrogen and carbon are in 
chemical union. All the hydrogen-atoms bum to 
water, and all the carbon-atoms to carbonic dioxide, 
and these products can bo detected in the smoke of 
every flame ; indeed, with a few unimportant excep- 
tions, tbcy are the sole products of the combustion. 

Take, for example, this candle-flame. On holding 
over it a cold bell-glass the glass soon becomes be- 
dewed, and, before long, drops of water begin to trickle 
down the sides ; and now, on inverting the bell, and 
shaking up in it some lime-water, the milky appear- 
ance, whicJi tbe clear solution immediately assumes, 
indicates the presence of carbonic dioxide. 

Of course, all tbe material of tbe candle passes into 
tbeso colorless and insensible aeriform products which 
mingle with tbo atmosphere, and this absorption of 
combustible material into the atmosphere, this melting 
of firm, solid masses of coal and wood into tbin air, has 
such an appearance of annihilation that it requires all 
tbo power of tbc reason, aided by experiment, to cor- 
rect the false impression of the senses. Tet nothing 
ia easier than to show that the smoke, colorless and 
insensible as it is, weighs more than the material 
bnmt, and, although the experiment must be familiar 
to many of my audience, I will repeat it, because it 
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may aid some to clcarop views of this all-importasi 
suLjcct. 

Let mo call your attention, then, to this candli 
wliich, in a candlestick of peculiar construction, 

hanging equipoised from ono end of thi 
beam of this balance (Fig. 30). Yoi 
know that hoth aqueous vapor and 
Itonic dioxide are eagerly absorbed b; 
caustic soda, and this apparatus is so 
ranged that the smoke of the candle ia 
sucked through two glass tubes filled 
with this absorbent materiaL You no- 
tice that my balance is in equilibriima, 
and I will now light the candle under ita 
'W' **■ tin chimney. The products of the com- 
bustion rise to the top of tlie chimneyj 
which is closed excepting two small apertures, through 
which the smoke is sucked into the glass tubes contain- 
ing the caustic soda. Now you must picture to your- 
selves the molecules of oxygen of our atmosphere rushing 
in on this candle-flame from every side, each one seizing 
its atom of carbon, or its four atoms of hydrogen, as the 
case may be. You must, then, follow the molecules of 
carbonic dioxide and water thus formed, as they are 
caught up by the current of air — which our aspirator 
draws through the apparatus — and hurried into the 
glass tubes, where they are seized upon and held fast 
by the caustic soda. All the smoke of the candle being 
thus retained, it is evident that, if the process is as I 
have desenbed it, we should expect that the apparatus 
would increase in -weight as the candle burns, while, on 
the other hand, were any part of the material lost, there 
would be a corresponding diminution in weight, 
we not only find that the weight increases, as the 
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ance elioWs, tut that the increase is exactly equal to 
the amount of oxygen consumcLL Not only none of 
the material of the candle eacsipes from tho apparatus, 
but a portion of the oxygen of the air is also retained, 
and that causes the increase of weight. 

In connection with this experiment, I must not fail 
to call your attention to the circumstance that the prod- 
nets of tliis combustion are as harmless as they are im- 
perceptible to the senses. Kemember that tboueanda 
of tons of carbonic dioxide and aqueous vapor are dis- 
charged into the air of this city in a single day. Eemeni- 
ber, also, what a howl of remonstrance goes up if, from 
some manufactory, a few pounds of similar but noisome 
products escape, and you cannot fail to recognize the 
importance of this fact in the economy of Nature- 
Add to this what you already know, that the smoke of 
our fires and tho exlialations of our lungs is the food 
of the plant — that the whole vegetable world is con- 
stantly absorbing carbonic dioxide, and giving back the 
oxygen to the atmosphere while storing up the regen- 
erated carbon in its tissues, and you will be still further 
impressed by the wonderful revelations we are study- 
ing. 

Nor must we, in this connection, fail to notice again 
the enormous amount of energy which the burning of 
our comm(»i forms of fuel liberates. The table is still 
before you which shows hoiv great is the amount of 
energy which can be obtained by the burning of a sin- 
gle pound either of hydrogen gas or of charcoal, and 
the relations of these elementary substances in this re- 
spect are not in the least altered by their association in 
common wood or coal. In round numbers, it may Jje 
said that a cubic foot of cannel coal contains sufficient • 
energy, if wholly utilized, to raise a weight of 3,269 
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tons one hundred feet, or 732,000,000 ponmfl one fool 
I said, if wholly utilized, for, althougli we are able 
make use of the whole energy in the form of heat, wo' 
have not yet succeeded in applying more than ahonfr- 
one-twentieth of it to mechanical work. But etill the 
energy exists stored up for use in every foot of wood or 
coal, and is ready to be set free when the fuel ia hnmt. 

When standing before a grand conflagration, wit- 
nessing the display of mighty energies there in action, 
and seeing the elements rushing into combination with 
n force which no human energy can withstand, does it 
seem as if any power could undo that work of destruc- 
tion, and rebuild those beams and rafters which are 
melting into air t Yet, in a few years thay will he re- 
built. This mighty force will be overcome ; not, how- 
ever, as we might expect, amid the convulsions of Na- 
ture or the clashing of the elements, but silently in n 
delicate leaf waving in the sunshine. As I have al- 
ready explained, the sun's rays are the Ithuriel wand, 
which exerts the mighty power, and under the direction 
of that unerring Architect, whom all tme science rec- 
ognizes, the woody structure will be rebuilt, and fresh 
energy stored away to be used or wasted in some futora 
conflagration. 

My friends, this is no theory, but sober, well-estal 
lished fact. How the energy comes and how it is stoi 
away, we attempt to explrfln by our theories. Let these 
pass. They may be true, they may be mere fancies 
but, that the energy comes, that it-is stored away, and 
that it docs reappear, are as much facts as any phi 
nomenawhicli the sun's rays illuminate. I know of 
fects in the whole realm of Nature more wondi 
than these, and I return to them in the annual roi 
of my instruction with increasing wonder and ad] 
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I, amazed at the apparent inefficiency of the means, 
the stupendoiia magnitude of the result. In an- 
iT course of lectureB iu this place I endeavored to 
show what weighty evidence these facts give in support 
of the argument that all the details have been arranged 
by an intelligent Designer,' The plan of this course 
does not give me time to do more than allnde to this 
point, and I only refer to it here to ask for the argu- 
ment jonr own careful consideration. 

There is still another point, in connection with this 
subject, to which also I can only barely allude. The 
cmst of our globe consists almost wliolly of burnt ma- 
I'terial. Our granite, sandstone, and limestone rochs, 
are the cinders of the great primeval iire, and the at- 
mosphere of oxygen the residue left after the general 
conflagration — Irft because there was nothing more to 
burn. Whatever of combustible material, wood, coal, 
or metal, now exists on the surface of the earth, lias 
been recovered from the wreck of the iirst conflagration 
by, the action of the sun's rays. One-half of all known 
L material consists of oxygen, and, on the surface of the 
Kglobe, combination with oxygen is the only state of 
"rest. In the process of vegetable growth, the enn'a 
rays have the power of freeing from this combination 
hydrogen and carbon atoms, and from these are formed 
the numberless substances of which both the vegetable 
and animal organisms consist. From the material of 
theBe organisms we make charcoal, and Nature makes 
her coal-beds, and supplies her petroleum-wells. More- 
L Over, with these same materials, man has been able to 
l.separate the useful metals from their ores, and, by the aid 

' "Euligion and ChenilslrT; or, Proofa of God's Plan in tlie Atmos- 
plicrs and its ElemeotB," tea lootures by Josiub P. Cooko, Jr , publlabcd 
by ChnrlfS Scribner. New York, 1864. 



214 



THE THEORY OF COMBUSTION. 



of varions chemical processes, to isolate the other el( 
montary suliBtanccs from their native compounds ; bi 
the efficiency of all these processes depends on em^ 
ploying the energy which the sun's rays impart to the 
carbon and hydrogen atoms to do work, A care^ 
analysis of the conditions will show that it is jnst as 
tmly the sun's energy ■which parts the iron from its 
combination in the ore, as it is solar power which parts 
tho carbon from the carbonic dioxide in the leaf. We 
have here, however, but a single example of a general 
truth. All terrestrial energy comes from the sun, and 
every manifestation of power on tho earth can be 
traced directly hack to his energizing and life-giving 
rays. The force with which oxygen tends to unite with 
tho other elements may be regarded as a spring, which 
the sun's rays have the power to bend. In bending 
this spring they do a certain amount of work, and, 
when, io the process of combustion, the spring fliea 
back, tho energy reappears. Moreover, the instability 
of all organized forms is but a phase of the same action, 
and tho various processes of decay, with the accompa- 
nying phenomenon of death, are simply the recoiling 
of the same bent spring. Amid all these varied phe- 
nomena, the one element which reappears in all, anij 
frequently wholly engrosses our attention, 
and, if I have succeeded in fixing yonr attention on tl 
point, my great object ia this lecture has been gained. 
In the early part of this course, I stated that all modem 
chemistry rests on the great truth that Mattek la rsBE- 

8TRCC7TIBLE, ANB IS MEASTTKED BY WEIGHT. ThlS eveoi 

we have seen glimpses of another great central trul 
which, although more recently discoveredj ia not li 
far-reaching or important, namely, Eneecy is 

STRDCTIBLE, AND IB MEAStTEED BY WORK. Add tO 
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Eo a tliird, namelj^lNTELLioKNCE ib indebtkuctible, 
D 18 MEABtTKED BY ADAPTATIOX — and yOU have, US it 
Dcems to me, tlie three great manifestations of Na- 
ture: MAriEE, Eneegt, aud Intelligence. These great 
tmths explain and supplement each other. Give to 
each itB due weight in jour philosophy, and yon will 
avoid the extremes of idealism on the one side, and of 
materialism on the other. 

Note. — The doctrine that energy is indestructible is Imown in phyaica 
Bg the comervalian of energg, and iC irould gire greater pFominence bi the 
correBponcling doctrine — that matter ia indestructible — if it were called 
tlie rmatrvatuya of tiuus. The recognition of this lost truth bj LitToiaier 
has already been indicated, and its important influence on the history of 
chemical philoaophj has been discussed ; but the student is not likely to 
appreinate its full aignificancc nnlosa he dwells upon it, and a compre- 
hensiTe view of the subject will probably be beat gained by brining the 
demical changes, in which the truth can only be leriGed by careful in- 
vestigation, into comparisDii with thnae familiar mechanical proeeEses in 
which it ia perfectly obvious. That there is no annihilation of material in 
the converaion of water into ojygeQ and hydrogen gasea ia a. phase of the 
»DJue truth, which wo accept as self-evident in the common meehameal 
operations of the arU. Just as gold coins contain the metal from which 
they were strucli, so the oxygen and hydrogen gases contain the material 
of the water from which they were made, and, if the student fuUy grasps 
the truth which this statement involves he will, in the first place, perceive 
that tiuvm may be an attribute of matter underlying those accidents in 
which suhstances differ; and, in the second place, he will see that the as- 
Bompdon of immutable atoms is an obvious explanaUoQ of the c 
Uon of muEB in Nature. 
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ToEitE ia one further point in connection 'witb t 
tlieory of combustion to which I wish to call yonr an 
tention, at the outset of my lecture this evening. 
the only caaceof hnraing we have studied, the combus- 
tible unites with the oxygen of the atmosphere. It is 
possible, however, to have combustion without atmos- 
pheric air, the combustible obtaining the reciuireiiJ 
oxygen from soTne associated substance. There arftl 
several substances in which a large amount of oxygeOafl 
is 80 loosely combined, or, in other words, in which thw"" 
oxygen-atoms are held in combination by such a fee*! 
ble force, that they will furnish oxygen to tlie combiM- J 
tible as readily as the atmosphere, and in a vastly morew 
concentrated form. Two of these eubstanees are wellj 
known, nitre (potassic nitrate) and chlorate of pota 
(potassic chlorate). One ounce of this last salt — ^th*^ 
quantity in this small crucible — contains enough oxygi 
to fin a large jar (1.7 gallon), and by simply heatinS^ 
the salt we should obtain that amount of oxygen gft8>1 
We have provided also one-third of an ounce of pnl'^ 
verized sugar, and we wiU now mix the two powda 
thoroughly together. Consider the conditions in t' 
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mixture : TIio sugar ia a combastible Bubstanee, and 
every particle of this combustible ia in contact with, or, 
I shonld rather say, in close proximity to, grains of 
chlorate of potassa, which contain sufficient oxygen to 
bum the whole. All is now quiescent, because both 
materials, being in the solid condition, their molecules 
are, as it were, imprisoned, and a certain degree of mo- 
lecular activity is required to produce chemical change. 
This molecular activity we can readily excite by heat, 
ijjut a more convenient, although less intelligible way, 

to touch the mixture with a drop of sulphuric acid. 
Here we have not merely a pretty firework, but an 

:periment which illustrates a very important phase of - 
She phenomena of combustion, and one of immense 
practical value, I have chosen this particular example 
because yon are familiar with both of the materials 
employed. You have seen that sugar contains a large 
amount of combustible carbon. You also know that 
potasaic chlorate contains a large volume of oxygen, 
which can readily be driven off by heat ; for yon have 
Been me make oxygon from this very salt. Tou can, 
therefore, fully appreciate the conditions we had in our 
crucible at the beginning of the experiment, namely, a 
combustible with the oxygon required to bum it in close 
proximity. Tou will be prepared, then, to understand — 
1. That the burning we have just witnessed does not dif- 
fer from ordinary burning, except in the single point I 
have mentioned ; that the combustible derives its oxygen 
&om potassic chlorate, instead of from the air ; and, 3. 

lat it is possible to inclose in a confined space, as a 

lU-barrel or a bomb, all the conditions of combustion. 
a word this experiment illustrates the simple theory 

gunpowder. 
"What, then, is gtmpowder i Essentially a mixture 
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of two substances — saltpetre and ctareoal, witL merely 
a small amount of sulphur added to facilitate the kin- 
dliug of the charcoal. In the manufacture of tliia-; 
exj)IoBive agent, as is well known, the materials 
first reduced to a very fine powder, and then intt 
malely mixed together, Al^crward, by gre 
tlie mass is compacted to a firm, hard cake, which is 
subsequently broken up into grains of different sizes, 
adapted to various uses. Hero we have some samples 
of these grains, varying from the size of a walnut to 
that of a millet-seed. These black grains, although 
they appear bo homogeneous, are, in fact, a very inti- 
■ mate mixture of a combustible material (charcoal am 
a little sulphur) with a substance rich in oxygen (sab 
pctre), and, when we ignite the powder, the charcoal 
burns at the expense of the oxygen of the saltpetre. 
Two parallel experiments will make the whole matter 
clear. 

In this jar wc have about one gallon (100 grains] 
of pure oxygen, enough to combine with 37^ grains of 
charcoal. This quantity of charcoal we will place in a 
copper spoon, and, having ignited the coal, we will 
plunge it into the jar of oxygen. We have at once a 
brilliant combustion, and a repetition of tJie cxperi^ 
ment which you witnessed at the last lecture, Wt 
then learned that the process consists in the union ofj 
the oxygen with the carbon, and that each molecule of] 
oxygen gas actually picks up an atom of carbon to fori 
a molecule of carbonic dioxide. There are, therefori 
just as many molecules in the jar at the close of the 
periment as at the first, only they now consist 
three atoms, instead of two ; 0=0 has become 0=00, 

In the second jar is a cup containing a small qoi 
tity of gunpowder, and so arranged that the powdi 
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'ean be exploded by a voltaic battery. As the oxygen- 

itoms required for the barning are lying in the cup 

;de by side with the charcoal, we do BOt need the air 

experiment. Accordingly, we have connected 

10 jar with an air-pump, ao that we can exhauat the 

The gauge of the pump now indicates that 

le greater part of the air haa boon removed. INotice 

rther that, when we readmit a little air, the mercury 

column falls, and thns, as you see, this gauge will tell 

uB when any gas enters the jar. . . . Having again 

completed the exhaustion, let us fire the powder. . . . 

The powder has disappeared ; but the gauge indicates 

that a largo volume of gas has been formed. 

A simple test will now show that the aeriform prod- 
lU in the two last experiments are identical. Here aro 
lasses, each filled with lime-water. To one we will 
;|ldd some of the gas from the first jar, pouring it in 
upon the lime-water, and to the other we will add 
some of the gas from the gunpowder, by pouring as 
before. On shaking the gaa and liquid together, we 
obtain in both cases the familiar milky turbidness 
which indicates the presence of carbonic dioxide. It is 
true that the carbonic dioxide from the gunpowder is 
lot quite so pure as that found in the other Jar, but 
* Is is an unessential matter. 

Having seen that gunpowder, burnt in a vacnnm, 
ia quietly resolved into gas, we will next take an equal 
amount of powder and inclose it in a pasteboard case, 
wliich we call a cartridge, using the same arrangement 
for firing the powder as before. We make the connec- 
tion, and off it goes! . . , There can bo no occasion, 
I think, to seek far for the cause of the explosion. The 
' 'lemical process must have been identical with that in 
jar ; but, while in the jar there was room for all the 
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gas-molecules formed in the burning, the small volume 
. ol'tliecartridgecouldnot hold them, and tiiey buret out, 
tearing away tbe paper walla in their eom-so. The gas 
evolved would occupy, at the oi-dinary pressure of the 
air, about three hundred times the volume of the pow- 
der used, and, if confined in the space previously filled 
with tbe powder, would exert a pressure equal to about 
300 X 14 = 4,300 lbs., or two tons, on a square-inch. The 
pressure obtained 13 really far greater than this, on ac- 
count of the beat developed by the combustion. More- 
over, as the powder burns rapidly, this pressure is sud- 
denly applied, and has all tbe etiect of an immensely 
heavy blow, which no strength of materials is sufficient 
to withstand. Of course, any chamber in ■which the 
powder is confined gives way at the weakest point. 
In the chamber of a gun the ball usually yields before 
the breech, and is hurled with violence from the mouth 
of the piece ; but fearful accidents not unfreqnently 
occur when, for any reason, the ball has been too tightly 
wedged, or when tbe metal of the breech is too weak. 

You all know that a largo amount of gas condensed 
into a small chamber must exert great pressure, and 
therefore you will undoubtedly regard tbe explanation 
I have given of the force escrted by gunpowder t 
satisfactory and sufficient. But, although this is thaj 
usual way of presenting tbe phenomena, I am anxi 
0U8 that you should view tbem in the light of oul 
modem molecular theory, which gives to the imagi'^ 
nation a far more vivid picture of tbe manner in whioq 
tbe power acts. 

Begin with tbe black grains as they lie in the diai 
ber of the gun behind tbe ball. You must rem^nbi 
that all the ingredients of the powder are in a Boli 
condition, and picture to your imagination the mole 
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culcs as held in their places by those forces which I 
attempted to make evident to you in n former lecture, 
incapable of any motion except a slight oscillation 
abont the centres of force. The gnn is now fii-ed, and 
the powder burns. We need consider but two of the 
immediate consequences : first, there is a large volume 
of gas formed ; and, secondly, there is a very great 
amount of energy developed. Picture to yourEelves, 
now, an immense number of gas-niolecnles suddenly 
Bet free in the chamber of the gun, and animated with 
all tho velocity which great energy is capable of im- 
parting. Sec these molecules rushing against the ball 
with their whole might, and, when at last it starts, im- 
parting to the projectile their moving power, until it 
acquires the fearful velocity with which it rushes from 
the mouth of the gun. The molecules impart tlieir 
motion to the ball, just us one billiard-ball imparts mo- 
tion to another. The effect is due to the accumulation 
of small impulses ; for, although the power imparted 
by a single molecule may be as nothing, tho accumu- 
lated effect of milhons on millions of these impulses 
becomes immense. 

Within a few years our community have become 
familiar with tlie name and terrible effects of a new ex- 
plosive agent, called nitro-glycerine, and I feel sure that 
you will be glad to be made acquainted with the re- 
Inariable qualities and relations of this truly wonderful 
substance. Every one knows that clear, oily, and sweet- 
tasting liquid called glycerine, and probably most of • 
you have eaten it for honey. But it has a great many 
valuable uses, which may reconcile you to its abuse for 
adulterating honey, and it is obtained in large quanti- 
ties as a secondary product of the manufacture of soap 
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and candlea from our common fats. Now, nitro-glycer- 
itie bears tbe same relation to glycerine that ealtpetro 
bears to eauEtic potash. Common ealtpetre, whicli k 
the oxygenated ingredient of gunpowder, is called in 
chemiBtry potaesic nitrate, and, although the com- 
mercial enpply comes wholly ti-om natural sources,. 
it can easily be made by the action of nitric acid oi 
caustic potash. My assistant will pour some nitric acii 
into a solution of caustic potasli, and you will soon sei 
crystals of ealtpetro appear, shooting out from the sidi 
of the dish, whose image we have projected on th( 
screen. In a similar way we can prepare nitro-glyce- 
rine by po\iring glycerine in a fine stream into very 
strong nitric acid, rendered more active by being mixed 
with sulphnric acid — oil of vitriol. 

We could easily make the experiment, but you conlt^ 
sec nothing. There is no apparent change, and it is a' 
remarkable fact that, when pure, nitro-glycerine re- 
sembles, externally, very closely glycerine itself, and, 
like it, is a colorless, oily fluid — the reddish-yellow color 
■ of the commercial article being due to impurities. As 
soon as the cliemical change is ended, the nitro-glycer^j 
ine must be very carefully washed with water, until all. 
adhering acid has been removed. The material thus'i 
obtained has most singular qualities, and not the lea! 
unexpected of those is its stability under ordinary con-i 
ditions. After the terrible accidents that have ha] 
pened, it would, perhaps, be rash to say that it did nol 
readily explode ; but I can assure you that it is not an^ 
easy matter to explode pure nitro-glycerine. It is not 
nearly so explosive as gunpowder, and I am told that 
the flame of an ordinary match can be quenched in it 
without danger, although I confess that I should be 
willing to try the experiment. Still, there can he n( 
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doiiljt tliat, under ordinary circnmstances, a small flame 
will not ignite it. My knowledge of the matter is de- 
rived from Professor Ilill, of the Torpedo Station at 
Newport, wlio has studied very carefully the preparation 
and application of the material, lie is of opinion that 
most of the accidents which have given to nitro-glycer- 
liio Eucli an unfortunate notoriety have been caused by 
the use of an im])iire article, and that proper care in its 
preparation would greatly lessen the danger attending 
its use. Nitro-glyecrino ia usually exploded, not hy 
the direct application of heat, but by a sudden and vio- 
lent concussion, which is obtained by firing in contact 
with it a fose of some fulminating powder. The ef- 
fects of this ejq^ilosion are as peculiar as the method by 
which it ia obtained, and I can best illustrate the sub- 
ject by describing an experiment with nitro-glyeerine 
which I witnessed myself at the Torpedo Station a few 
mouths since. 

It is so inconvenient to handle liquid nitro-glyceriue 
that it is now iisual to mix it with some inert and im- 
palpable powder, and the names dualine and dynamite 
have been given to different mixtures of this kind ; but 
in both of these the powder merely acts as a sponge. 
In the experiment referred to, a canister holding less 
than a pound of dynamite, and only a few ounces of 
nitro-glycerine, was placed on the top of a largo bowl- 
der-rock, weighing two <]r tliree tons. In order that 
you may fully appreciate the conditions, I repeat that 
this tin case was simply laid on the top of the bowlder, 
-and not confined in any way. The nitro-glycerine was 
then exploded by an appropriate fuse fired from a dis- 
tance by electricity. The report was not louder than 
from a heavy gun, but the rock on which the canister 
lay was broken into a thousand fragments. 
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TLis oxporimcnt strikingly illuBtratee the pocuUd 
action of iiitro-glycerine. In using guupowdcr foiS 
blnsting it is noecBBary to confine it, by wLat is called" 
tamping, in tlie hole prepared lor it in the rock. Kot 
BO with nitre-glycerine. Tlus, thongh it may be put 
up in small tin cartridges for convenience, is placed in 
the di'ill-holes without tamping of any kind. Some- 
times the litiuid itself has been poured into the hole, 
aud then a little water poured on the top is the only 
means used to confine it. Aa an agent for "blasting, 
nitro-glycerine is so vastly superior to gunpowder that 
it must be regarded as one of the most valuable di&- 
covericB of our age. Already it is enabling men to 
open tracks for their iron roads through mountain- 
han-iers which, a few years ago, it would have been 
thouglit impracticable to pierce, and, although its intro- 
duction has been attended with eucli terrible aceidente, 
those best acquainted with the material hefieve thai 
with proper care in its manufacture, and proper prccai^ 
tions in its use, it can be made as safe as or even saM 
than gunpowder, and the Government can do no I 
tor service toward developing the resources of the a 
try than by carrying forward the experiments it 1 
instituted at the Torpedo Station at Newport, until a 
the conditions required for the safe manufacture axtm 
use of this valuable agent are known, and, when tW 
result is reached, imposing on the manufacturers, des' 
ers, and carriers, such restrictions aa the public safeg 
requires. Of course, we cannot expect, thus, to prevenj 
all accidents. Great power in the hands of ignoraj ' 
or careless men implies great danger. Sleepless v* 
lance is the condition under which we wield all tb| 
great powers of modern civilization, and we cannoi 
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expect that tlie power of nitro-glyeerine will be any ex- 
ception to the general rule.' 

But, while nitro-glycerine Las such great rending 
power, it has no value whatever as a projectile agent. 
Ksploded in the chamber of a gun, it would buret the 
hrcech before it started the ball. Indeed, there ia a 
great popular mJaapprehension iu regard to the limit 
of the projectile power of gunpowder, and inventors 
are constantly looking for more powerful projectile 
agents as the means of obtaining increased effects. 
But a Btudy of the mechanical conditions of projec- 
tion will show not only that gunpowder is most admi- 
rably adapted to this use, but also that its capabilities 
far exceed the etrengtii of any known material, and the 
Btudent will soon be convinced that what is wanted is 
not stronger powder, but stronger guns. I do not 
mean to say that we cannot conceive of a better pow- 
der than that now in use, but merely that its short- 
coming ia not want of strength. 

Having described the properties of nitro-glycerino, 
the question at once arises, " Can tlicsG singular proper- 
ties bo explained?" In order to answer this question 
I shall next ask your attention to the theory of its ac- 
tion, and I think you will find that our modem chem- 
istry is able to give a very intelligible account of the 
phenomena we Iiave described. I will begin by saying 
that the chemical action in the explosion of nitro-gly- 
cerino is very similar to that in the burning of gun- 
powder. In both cases we have the same two results : 
1. The production of a large volume of gas ; 2. The 
' The recent improrementa in the manufacture of gun-cotton, and tLo 
dJMOTery that, even when loo wet to burn, it can be exploded by con- 
eusaioQ if the fuae U aufScientlj powerful, promise to fbmish an eiplo- 
h!to agent nearly equal to nitroglycerine in atrenglb, and free from all 
ordinary rialcB. 
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liberation of a large amount of energy wliicb gives td' 
ttio confined gas-niolecules an immense moving power. 
Moreover, essentially the same aiJriform products are 
formed in tlie two cases, and in both the process 
BiBts, for tho most part, in the union of carbon and 
hydrogen atoms with oxygen. But, while in the gun- 
powder the carbon and oxygen atoms are in different 
molcctUos, although lying side by side in the same 
grains, in the nitro-glycerine they are in difi'erent parts 
of the same molecale. And here comes our first 
glimpse of tho most recondite chemical principle tbe 
science has yet attained, one which I have been aiming 
to reach throughout this whole course of lectures, and 
one which it will be my object in the three remaining 
lectures clearly to set before you. I can, as yet, only 
state the principle as a theorem to be proved ; but, if I 
can succeed in making this diflictilt subject clear, I feel 
confident that yon will regai-d the proof as satial'actory. 
The principle is this : 

Every molecule has a definite stnictnrc. It not 
only consists of a definite tind nnd a definite number 
of atoms, but these atoms are arranged or grouped 
together in a definite order, and it is the great object 
of modem chemistry to discover what that grouping 
ie. Almost all the great chemists of the world are, at , 
this moment, engaged in investigating tliia very prob- 
lem, and, what is more, they Lave succeeded, in many 
cases, in solving it, and we have reached as much cer- 
tainty in regard to the grouping of tho atoms in tlie 
molecnles of a very large number of substances, as we" 
have in regard to any phenomena so wholly super-sen- 
sible. For example, we feel well assured that we know ' 
how the atoms are grouped in the molecule of nitro- 
glycerine, and the diagram before you represents in. 
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oar rude way the result we have readied. The let- 
ters signify single atoms, and tbe lines between the 
letters merely show how tbe atoms are severally 
united. Begin with the three atoms of carbon, which 
are united together, say, by a certain force, which the 
lines denote. To these are directly united five atoms 
of hydrogen, and then' to each of the carbon-atoms is 
also bound the atomic group — 0-N(q, the four atoms 
of the group having a definite arrangement among 
themselves. There is no vii'tue in the mere form of 
the arrangement of the letters on the dingram. It is 
perfectly possible that the atoms may be an-anged so 
as to form regular geometrical figui-cs, such as some 
theorists Lave amused themselves in constructing ; -but 
we do not pretend to have any accurate knowledge on 
this point. All we af&rm is, that the atoms are united, 
one with another, in the order I have indicated, and 
the second diagram, in which the several atoms are 
united as before, although the form of the arrangement 
is dififerent, means, to the chemist, precisely tbe same 
thing as the first. 

Now, as I said, I present to you this diagram of the 
constitution of a molecule of nitro-glycerine simply as 
a theorem to be proved. As it hangs before you, I 
have no doubt that it will shake your faith in the credi- 
bility of the scientific investigators who briog forward 
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tliia aa the sober concluBion at which they bare ar- 
rived. IndeeJ, when I first saw these attempts to 
represent the grouping of atoms, they appeared to me 
to be the vagaries of a diseased scientific imagination; 
for, remember, this molecule, whose Etnictnre is here 
portrayed, cannot be larger than the j-f.TrA.Tnnr of ^^ 
inch. But, aa the evidence pressed upon me, I re- 
luctantly examined it. Finding that it eonld not be 
gainsaid, I was forced to accept the conclnsion, and eoon 
I found myself busy at the same work. Now, I only 
ask you to accept this diagram as a theorem to be 
proved, and, assuming it for the time to represent, 
although very rudely, a real truth, see how fully it ex- 
plains the properties of nitro-glycerine. Indeed, the 
facts already bi;foro ua furnish the strongest evidence 
possible of the general truth of the principle I have 
asked you to assume ; for, if you aceept the principles I 
have previously endeavored to establish, and once ad- 
mit that there are such things as molecules and atoms, 
the properties of iiitro-glycerine will force you to admit 
that its molecules have a definite structure. See how 
the case stands. 

Nitro-glycerine has been analyzed, and, unless the 
principles of our modern chemistry are all wrong, its 
molecules have the composition indicated by tlie sym- 
bol 03n5NaO9. Note that there are already in the mole- 
cule nine atoms of oxygen, more than enotigh to satisfy 
all the atoms, both of carbon and of hydrogen. When 
carbon burns, Cj only takes Oo, H, only Oj-, and why is 
not the affinity of these atoms for oxygen satisfied al- 
ready! The only answer tliat can be suggested is, bo- 
cause the osygen-atoms, although parts of the same 
molecule, are not in combination with the carbon or 
hydrogen atoms in those molecules ; and what is thin 
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but an admiasion that the molecules liaTc a definite 
etructnre by whicli these atoms are kept apart ! 

In the next place, admitting that the structure is 

that represented above, jou see how the atoms are 

tept apart. Three of the oxygen - atoms form the 

Jinks, as it were, between the carbon and nitrogen 

■ atoms, and the rest of the oxygen-atoms are united 

J with the nitrogen-atoms, and not with those of either 

carbon or hydrogen. Now, when the substance ex- 

[ plodes, what takes place is simply this : The oxygen- 

j atoms at one end of the molecule rush for the atoms 

[ of carbon and hydrogen at the other end, and the 

I molecule is broken np, as our next diagram indicates ; 

I only, as there are not enough atoms to form eyen mole- 
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we must consider that one atom of hydrogen 
and one of nitrogen are borrowed from the fragments 
of a neighboring molecule, broken up at the same 
time. You see, therefore, that the chemical action is 
very nearly the same as in the burning of gunpowder, 
the difference being that, while in tlie powder the car- 
bon and oxygen atoms belong to different molecules, 
in nitro-glycerine they belong to the same molecule. 
In both cases the carbon bums, but in the nitro-glycer- 
ine the combustion is within the molecule. This differ- 
ence, however, which the theory indicates, is one of 
great importance, and shows itself in the effects of the 
explosion. 
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In gunpowder the grains of cliarcoal and nitre, 
although very smnU, have a sensiWe ijiagnitude, and 
consbt each of many thousand if not of many million 
molecules^ The chemical union of the oxygen of the 
nitre with tho carbon-atomB of the charcoal can take 
place only on the surface of charcoal-grains ; the first 
layer of molecules must be consumed before the second 
can be reached, and so on. Hence the process, although 
very rapid, must take a sensible time. In the nitro- 
glycerine, on the other hand, the two seta of atoms, so 
far from being in different grains, are in one and the 
same molecule, and the internal combustion is essen- 
tially instantaneous. Now, this element of time will 
explain a great part of the difference in the effect of 
the two explosions, but a part is also due to the fact 
that nitro- glycerine yields fully nine hundred times its 
volume of gas, while with gunpowder the volume is 
only about three hundred times that of the solid grains. 
There ii a further difference in favor of the nitro-gly- 
ccrine in the amount of energy liberated, but this we 
will leave out of account, although it is worthy of 
notice that energy may be developed by internal mo- 
lecular combustion as well as in the ordinary processes 
of burning. 

The conditions, then, are these : With gunpowder 
we have a volume of gas, which would normally occupy 
a space three hundred times as great as the grains 
iiBed, liberated rapidly, but still in a perceptible inter- 
Tal. "With nitro-glycerine a volume of gas, nine hun- 
dred times that of the liquid used, is set free, all but 
instantaneously. Now, in order to appreciate the 
difference of effect which would follow this difference 
of condition, you must remember that all our experi- 
menta are made in air, and that this air presses with an. 
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enormous weight on every surface. If a volnme of 

gas is suddenly liberated, it must lift this whole weight, 
which, therefore, acts as so much tamping material. 
This weight, moreover, cannot be lit\ed without the 
expenditure of a large amount of work. Let us mahe 
a rough estimate of the amount in the case of nitro- 
glycerine. Wo will assume that in the experiment at 
Newport the quantity exjiloded yielded a cubic yard 
of gas. Had the air given way, instead of the rock, 
the liberation of this volume of gaa must have lifted 
the pressure on one square yard (about nine tons) 
one yard high, an smoimt of work which, using these 
large imits, wc will call nine yard-tons or about 6D,000 
foot-pounds. Moreover, this work must have been 
done during the excessively brief duration of the explo- 
sion, and, it being less work to split the rock, it was 
the rock that yielded, and not the atmosphere. Com- 
pare, now, the caae of gunpowder. The same weight of 
powder would yield only about one-thii'd of the volume 
of gas, and would, therefore, raise the same weight to 
only one-third of the height ; doing, therefore, but one- 
third of the amount of work, say 20,000 foot-pounds. 
Moreover, the duratiou of the explosion being at least 
one hundred times longer than before, the work to be 
done in lifting the atmosphere during the same ex- 
ceedingly short interval would be only j^ of 20,000 
foot-pounds, or 200 foot-pounds, and, under those cir- 
cumstances, you can conceive that it might be easier 
to lift the air than to break the rock. 

If there are some who have not followed me through 
this simple calculation, they may, perhaps, be able to 
reach clear views upon the subject by looking at the 
phenomena in a somewhat different way. It can readi- 
ly be seen tliat the sudden development of this largo 
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voliuno of gas, which becomes at once a part of the at- 
mosphere, would bo equivalent to a blow by the atmos- 
phere against the rock ; or, what would he a more ac- 
curate representation of the phenomenon, since tlie air 
is the larger mass, and acts as the anvil, a blow by the 
rock against the air. It may eeera very singular that 
onr atmosphere can act as an anvil, against whidi a 
rock can be split, and yet it is bo, and, if the blow has 
velocity enough, the atmosphere presents as effective a 
resistance as would a granite ledge. The following 
consideration will, I think, convince you that this is 
the case : I have here a light wooden surface, say, one 
yard square ; the pressiire of the air against the surface 
is equal, as I just stated, to about nine tons ; but the 
air presses equally on both sides, and the molecules 
have snch great mobility that, when we move the sur- 
face slowly, they readily give way, and we encounter 
but little reslBtance. If, however, we push it rapidly 
forward, the resistance greatly increases, for the air- 
molecules must have time to change their position, and 
wo encounter them in their passage. If, now, we in- 
crease the velocity of the motion to the highest speed 
ever attained by a locomotive— say, one and one-fifth 
mile per minute — we should encounter still more par- 
ticles, and find a resistance which no human muscle 
eoidd overcome. Increase , that velocity ten times, to 
twelve miles a minute, the velocity of sound, and the 
air would oppose such a resistance that our wooden 
board would be shivered into sphntors. Multiply agaia 
the velocity ten times, and not even a plate of boiler- 
iron could withstand the resistance. Multiply the ve- 
locity once more by ten, and we should reach the ve- 
locity of the earth in its orbit, about 1,200 miles a 
minute, and, to a body moving with this velocity, the 



I 



HISTORY OF THE TUEORT OP COMBCSTION. 






Ieomparatively dense air at the Bnrface of tbo earth 
would present an almost impenetrable baiTier, against 
■which the firmest rocks might be broken to fragments. 
Indeed, this effect has been several times seen, when 
meteoric masses, moving with these iilanetary velocities, 
■penetrate our atmosphere. The explosions which hayo 
ieen witnessed are simply the effect of the concussion 
gainst the aeriform anvil at a point where the atmoa- 
sphere is far less dense than it is here. So, in the case 
of the nitro-glyeerine, the rock strikes the atmosphere 
with such a velocity that it has the effect of a sohd mass, 
and the rock is shivered by the blow. 

In concluding my illustrations of the theory of com- 
bustion, a few words in regard to its history will not 
be out of place. "Wc owe this theory to the great 
French chemist Lavoisier, who was murdered by the 
French communists during the reign of terror which 
accompanied the first French Eevolution, The theory 
came almost perfect from his hands, and caused a revo- 
lution in the science of chemistry. Some would even 
date the beginning of scientific chemistry at this epoch. 
In this connection, there is a recent incident which 
amusingly illustrates, not only the importance of the- 
ory, but also the not unfrequent contrast between the 
theorizing and investigating mind — the scientific poet 
and the scientific philosopher. About three years since. 
Professor Wiirtz, of Paris, to whom modem chemistry 
owes as much as to any individual man, an Alsathin by 
birth, a Ge]-man by descent and in many of his traits of 
mind, Iiut a genuine Frenchman in sympathy and spirit, 
published a work on the history of modem chemical the- 
ories, which opens with this amusing and characteristic 
French panegyric': "Chemistry is a French science. 
It was founded by Lavoisier, of immortal memory ; " 
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ftDtl tlie author goes on to mftke good his cl^im that 
large part of the great generalizations in the iseieneo' 
have boon made bj Frenchmen. This nniiioaBiu'od as- 
Biimption, coming, as it did, on the eve of the Franeo- 
Prufisian "War, was the occasion of no little bittemess, 
and waa answered in very much the Bame spirit in 
which it was uttered. The old controversies were re- 
vived, and the old arguments repeated, proving, what 
was undoubtedly true, that Lavoisier did not add a 
new fact of prime importance to chemistry. But ho 
did add one of the grandest generalizations. Lavoisier 
waa not a chemical investigator in our modera sense, 
hnt he had, to a very high degree, that quality of mind 
which tho Frenchmen call clarte, and the great good 
fortune — if you please so to style the opportunities of 
genius — to advance hia theory of combustion at the 
time the discoveries of Priestley, Cavendish, Black, and 
Scheele, bad prepared tho world to receive it. His 
contemporary, Sclieele, a poor apothecary in an out-of- 
the-way village of Sweden, had done more than any 
one else to supply the facts which made the theory 
credible ; but, not only did ho not see clearly the bear- 
ing of bis facts, bnt he bad not the vantage-ground 
which would have enabled him to impress liis ideas on 
his age; and, although, with liia extremely restricted 
means, be added more knowledge to the stock of 
chemical science in a single year than did Lavoisier in 
bis lifetime, yet it was Lavoisier, and not Scheele, 
who made the great generalization which revolutionized 
chemistry. 

It ia unnecessary to add that this Franco-German 
controversy was as irrational as it was uselees. Both 
Lavoisier and Scheele filled well the place to which they 
were called, and did faithfully the work which Provi'*' 
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deuce assigned them in the development of eheniical 
science, and it is sheer presumption in any man to say 
that one was more important or more honorable than 
the other. 

It IB trne that chemistry, as a science of exact quan- 
titatwe relations, begins with the introduction of the 
balance into the science, and that Lavoisier ■was one of 
the first to recognize the importance of this iustrnmcnt 
for investigating chemical problems. But, from the 
beginning of the seventeenth centnry, chemistry as a, 
science of qualitative relations was actively studied at 
all the great centres of learning in Europe, and was 
illustrated hy some of the most learned men of the age. 
For over a century previous to the time of Lavoisier, 
who died in 1794-, the doctrines of the science centred 
around a theory of corabnation which is known in his- 
tory as the phlogiston theory. This theory was first ad- 
vanced in 1GS3, by Becher, a German chemist then liv- 
ing in England, and was worked out into a complete 
system some years later by Stahl. According to this the- 
ory, the principle of fire is everywhere diffused through- 
out Nature, but enters into the composition of different 
bodies to a very unequal estcnt. Combustible sub- 
stances are bodies very rich in phlogiston, and burning 
consists in the escape of phlogiston into the atmosphere. 
I have already referred to this theory, and shown that 
it was in variance with the groat principle of the law 
of gravitation, that quantity of matter is proportional 
to weight. Still, as I said before, this principle of 
Kewton made its way into chemistry very slowly, and 
the theory of Stahl was in complete accordance with 
the philosophy of Aristotle, which, at the time, held 
an entire supremacy over the intellectual world. And 
was the theory wholly false ? I believe not ; and I am 
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persoadcd that every theory, which gauia among thmk- 
ing men sucli universal acceptance as did this theory 
of Stahl, has its element of truth. The men of the 
aeventeenth centm-y were not less acute thinkers than 
ouraelveB, and we must be careful not to judge of their 
ideas from our stand-point. The authors of the theory 
never attached to phlogiston the idea of weight which 
we necessarily associate with all matter. It was to 
them a principle, an undefined essence, and not matter 
in the sense we imderstand it. Vague and indefinite 
idea, no doubt, lite many of the metaphysical ideas of 
the timCj but not absurd. And that it was not absard 
a single consideration will show. Translate the word 
phlogiston energy, and in Stahl's work on chemistry 
and physics, of 1731, put energy where he wrote ^A^o- 
ffiefmi, and you will find there the germs of our great 
modem doctrine of conservation of energy — one of 
the noblest products of human thought. It was not 
a mere fanciful speculation which ruled the scientific 
thought of Europe for a century and a half. It was a 
really grand generalization ; but the generalization was 
given to the world clothed in such a material garb that 
it has required two centuries to unwrap the truth. 
Still, the sparkle of the gem was there, and men fol- 
lowed it until it led them into a clearer day. It is a 
great error to suppose 'that the theory of Lavoisier su- 
perseded that of Stahl. It merely added to it. Stahl 
clearly saw that the chief characteristic of burning was 
the development of energy, and, although he called- 
energy phlogiston, and did not comprehend its real 
essence, he recognized that it was a fundamental prin- 
ciple of Nature. He did not understand the chemical 
change which takes place in the process, and this I-a- 
voisier discovered. Ent, both Lavoisier and his fol- 



A NEW ASPECT OF AN OLD THEORY. 237 

lowers, to a great extent, ignored the more important 
phenomenon in magnifying the less, and it is only 
within a few years that the true relations of the two 
have been understood. All honor to these great pio- 
neers of science, and let their experience teach us that, 
in science, as in religion, we see as through a glass 
darkly, and that we must not attach too much impor- 
tance to the forms of thought, which, like all things 
human, are subject to limitations, and liable to change. 
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QUArnrVALENCE AND METATOESia — ALKAUES 



Befoek Btiidying metathesis, tlio tliird, as yon will 
remember, of the three classes iuto which wo divided 
clicmical reactions, I must ask your attention, at the be- 
pnning of my lecture this evening, to a most impoi'ta.nt 
general principle, to which a study of the results of 
analysis and synthesis has led, and which will greatly 
help to elucidate the metathetieal processes we have yet 
to investigate. 
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The diagram on the curtain before ns illustrates the 
truth we have to present. Tbo story, indeed, is here 
told in our chemical hieroglyphics, but let us try to de- 
cipher them. In attacking our work, let us not fail to 
remember that these symbols really exhibit the con- 
stitution of the molecules of the definite suhstancea 
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they represent. The Bymbol HjO, for example, shows 
that a molecule of water consists of two atoBis of 
Jiyiirogen and one of oxygen. liemember that this 
Byrabol is not the expression of a mere hypothesis, 
but represents the resalts of actual experiment. In 
B former lecture we have dwelt at length on the evi- 
dence on which it is based. We cannot continually 
retrace onr steps ; but be sure that you recall this evi- 
dence, so that we may plant the ladder, on which we 
shall attempt to climb higher, on firm ground. Now, 
what is true of the symbol of water, is true of all the 
symbols on this diagram. There is not one of them 
in regard to which there is a shade of doubt. Our 
atoms may be mere fancies, I admit, but, lihe the mag- 
nitudes we call waves of light, the magnitudes we have 
measured and called atoms' must be magnitudes of 
something, however greatly our conceptions in regard 
to that something may change. Our whole atomic 
theory may pass, the words molecule and atom may be 
forgotten ; but it will never cease to be true that the 
magnitude which we now call a molecule of water con- 
Bista of two of the magnitudes which, in the year 1872, 
were called atoms of hydrogen, and of one of the mag- 
nitudes which were called, at the same period, atoms 
of oxygen. 

look, now, at the first line of symbols, and Bee in 
what a remarkaUe relation the atoms there repre- 
sented stand to each other. In a molecule of hydi'o- 
chloric-acid gas (HCl), one atom of chlorine is united to 
one atom of hydrogen. In the molecule of water (IIjO) 
one atom of oxygen ia united to two of hydrogen. In 
the molecule of ammonia gas (NUg) one atom of nitro- 
gen is united to three atoms of hydrogen, and in the 
molecule of marsh gas (CH^) the atom of carbon ia 
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united to four atoms of hydrogen. It wonld 8pp( 
then, that the atoms of chlorine, osygen, nitrogen, ani 
civrbon, have diU'urent powers of combination, imitiiij_ 
respectively with one, two, three, and four atoms of 
hydi-ogen. In order to assure yourselves that this rela- 
tion is not an illusion, depending on the collocation of 
eelectod symbols, but resulta from a dc&iitc quality of j 
the several atoms, examine the symbols of the second, 
line, and you will ace that, in a similar way, the atome 
of sodium (Na), mercury (Hg), antimony (Sb), carbon (C), 
and phosphorus (P), unite respectively with one, two, 
three, four, and five atoms of chlorine. Moreover, ob 
comparing the two lines, notice that the atom of chl( 
rine, which combines with one atom of hydrogen, eoi 
bines also with one atom of sodium. Again notice 
that the atom of carbon, which combines with four 
atoms of hydrogen, combines also with four atoms of 
chlorine. Further, observe on the third line that the: 
atom of mercury, which combines with two atoms of;, 
chlorine, combines with only one of oxygen ; and that 
the atom of carbon, which combines with either four 
atoms of chlorine or four atoms of hydrogen, combines 
with two atoms of oxygen ; and compare with these 
facts those first noticed, that the atom of oxygen cona^ 
bines with two atoms of hydrogen, and the atom of 
chlorine with but one. 

Relations so far reaphmg and so intricate as these 
cannot be accidental; and when you are told that the 
examples here given have been selected, on aceomit of 
their simplicity, from a countless number of instrincea 
in wliich similar relations have been observed, you will 
not be satisfied until you find some explanation of the 
cause of these facta. 

The explanation which our modern chemistry gives 
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is this : It is assumBd that each of the elementary atoms 
has a certain definite number of bonds, and that by these 
alone it can be united to other atonia. If you wish to 
clothe this abstract idea in a material conception, picture 
these bonds as so many hoolis, or, what is probably nearer 
the troth, regard them as poles like those of a magnet. 
If we have grasped this idea, let us turn back to our dia- 
gram and we shall find that the relations we had but 
dimly Bcen have become clear and intelligible. The 
hydrogeuj sodium and chlorine atoms have only one bond 
or pole, and hence, in combining with each other, they 
can only unite in pairs. The oxygen-atom has two 
bonds or poles, and can combine, therefore, with two 
hydrogen-atoms, one at each pole. The mercmy-atom 
has also two bonds, and takes, in a. similar manner, two 
atoms of chlorine ; but it can only combine with a sin- 
gle atom of oxygen, for the two poles of one just satisfy 
the two poles of the other. Again, the atom of car- 
bon has four bonds, which may be satisfied by either 
four atoms of hydrogen, or four atoms of chlorine, or 
two atoms of oxygen, or one atom of oxygen and two 
of chlorine, or, lastly, one atom of oxygen and two of 
hydrogen. Further, the atom of phosphorus has five 
bonds, and holds five atoms of chlorine, or three atoms 
of chlorine and one of oxygen. Finally, the chromium 
atom binds six atoms of fluorine, or three of oxygen, or 
two of oxygen and two of chlorine. This quality of the 
atoms, which we endeavor to represent to our minds by 
the conception of hooks, bonds, or poles, we call, in our 
modem chemistry, quantivaleuce, and we use the Latin 
terms univalent, bivalent, trivalent, quadrivalent, quin- 
quivalent, aexivalent, etc., to designate the atoms which 
have one, two, three, four, five, six, etc., liooks, bonds, 
or poles, respectively. 
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Ag- -Zn- -Au- -Zr- 

In the above diagram we have elassifted a fe^oniy 
of the more important elementary atoms according to 
their quantivalence, and the diagram also shows how, 
by a slight addition to our symbolical notation, we can 
indicate the number of bonds in each case. In writing ' 
Bymbols of molecules, a dasli between two letters indi- 
cates the union of two bonds, and one bond or pole on 
each atom is then said to be closed. Two dashes indi- 
cate that two bonds on each atom are closed — and so 
with a larger number. The next diagram is in part 
a repetition of that on page 232, with the exception 
timt the bonds are indicated. 

n H 



cung-ci ci-Sb-ci ci-c-01 



Tou notice that this idea of quantivalence snggeeta, ,j 
or, rather, as I Bhould say, implies the idea that the 1 
molecules have a definite structure. Thus in the mole- j 
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ciJe CHj we conceive that tlie carbon-atom is united at 
four distinct points witli tlie four Lydrogen-atoms. 
There is not an indiscriminate grouping of the five 
atoms, but a definite arrangement with the carbon- 
atom at the centre of the system. So, also, in CClj, 
which has the same structure as CHj, determined, as 
before, by the quadrivalence of the nucleus. Passing 
next to COj we find an equally definite structure, the 
four bonds of the same nucleus being satisfied by two 
bivalent atoms of oxygen ; and intermediate in struct- 
ui-e, between the two molecules last mentioned, we Lave 
the molecule of phosgene giis, COCIj, and the molecule 
of formic aldehyde, COHj. 

The symbols of these moloeules indicate an obvious 
limitation to this idea of structure, which must not bo 
overlooked, and which cannot too early be called to 
your notice. All that wc, as yet, feel justified in infer- 
ring from the phenomena wo have described, are simply 
the facts that in the molecule CCI4, for example, the 
four chlorine-atoms are united to tho earhon-nucleus 
by four different bonds, and that in the molecule COj 
tho two oxygen-atoms are united to the same nucleus, 
each by two bonds. Further than this we assert noth- 
ing. It may hereafter appear that the diU'erent bonds 
of the carbon-atom have different values ; or, perhaps, 
have a fixed position, and that there are distinctions of 
right and left, top and bottom, or the like ; but, until we 
are acquainted with phenomena which require assump- 
tions of this sort, we may group our symbols around the 
nucleus of the molecule as wo find most convenient, 
provided only we satisfy the condition of quanti valence. 
Thus it is unimportant whether we write 



Cl-Hg-Cl, 
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Cl-C-Cl, 
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Tlie qnanti valence of the atoms, moreover, is by no 
nie»os an invariable quality ; but this circnntstanco 
does cot in tlie least obscure the general principle we 
have been discussing : because, in the first place, any 
change in the quantivaleuce of an atom is accompanied 
with a change in ail its chemical relations ; and, in the 
second place, the change is circnmscribed by definite 
limits, which are easily defined. This point will be 
beat illustrated by a lew examples, 

When in a previous lectins, as an example of a 
Bjntheticat process, we miited ammonia gas with hydro- 
cidoric acid, there was a change in the quantiv^ence 
of the nitrogen-atom, from three to five, as will be seen 
on comparing the symbol of the first lactor with the 
sole product of the reaction : 

n IT I 

n-N ^;n-ci I 

H 2^ I 

AmmoQia Goo. AmmanSc <:hbir]de. 

Now, from ammonia gas can be derived a large claES 
of compounds, in aU of which nitrogen is trivalent; and, 
in like manner, from ammonie chloride can be derived 
another class of compounds, in which nitrogen is quin- 
^^M quivalcnt ; but, although they all contain the same atom 

^^H as a nucleus, the two classes difier from each other as 
^^H widely as if they were composed of diiFerent elements. 
^^H A eimilar fact is true of phosphorus, which forms two 
^^M well-marked chlorides : 

L 



1 



;p-ci 



Phospbqriu Clitoride. 



One of the most striking instances of the variation 
of quantivalence is to be found in the atom of maa- 
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This elementary substance forms no less than 
four compounds with fluorine, whose moleeuies Lave 
probably the coustitution repi'esentcd by the symbols 



gancse. This 
tour compour 
probably the 
given below : 

F-Mn-I 
In the firs 



F-Mn-Mn-F 



F F 



In the first, the manganose-atom is bivalent ; m tte 
second and third it is quadrivalent; and in the last, 
ficxivfllent. The third molecule, it will be noticed, 
contains two quadrivalent atoms of manganese, united 
by a single bond, and the two together form a complex 
nucleus, wliich is sexivalent, llere, as in the previous 
examples, it ia true that there is a distinct class of com- 
pounds corresponding to each of the fooi- conditions of 
the nucleus, and that the difference between the chem- 
ical relations of the bivalent and those of the sesiva- 
lent atom of manganese is almost as gi'cat as that be- 
tween the atom of zinc and the atom of sulphur. 

The compounds of iron furnish a moio familiar ex- 
ample of the effect produced by a variation of quantiva- 
lence, than either of those which have been adduced. 
There are two classes of these compoundB, which are 
distinguished in chemistry as the ferrous and the fer- 
ric compounds. The first class consists of molecules, 
I of which the nucleus is a bivalent atom of iron, while 
the molecules of the second class are grouped around a 
nucleus, consisting of two quadrivalent atoms united as 
explained above. Thus the symbols of ferrous and 
ferric chloride are : 
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Cl-Fe-Cl, and FcCl. or Cl-Pe-Fe-CI. 



Now, I have before me four glassee, wliicli contain 
Bolutions in water of 
FeCl,, Te, 



I 
I 



and I will add to caeli glass a portion of a solution c 
a yellow salt, wliicb is well known in commerce, undep { 
the name of yellow pruesiate of potash, and in chemis- 
try as potaesie ferrocyanide. Notice, in the first place^ 
what a difierent effect the reagent produces on the last 
two solutions. From the solution of cnprie chloride, 
we obtain a red precipitate, and, from the solntion 
of nictel chloride, a wliite precipitate. Nest, we will 
add the same reagent to the solntione of the two com- 
pounds of iron, and, as you see, the difference of effect 
produced is" even greater than before. Moreover, if, 
going behind the outward manifestations, you study 
the constitution of the products formed, you will find 
that the variations of color correspond to more funda- 
mental differences in the case of tlie two conditions 
of iron than in that of the two separate elements, cop- 
per and nickel. The result, then, at which wo arrive, 
is this, that, although a fixed quantivalenee is not an 
invariable of equality of every atom, it is at least an in- 
Yariable quality of each condition of every given atom, 
and that, in every marked class of compounds of any 
elementary substance, the atoms of that clement always 
have the same quantivalence. 

Lastly, as to the limits to which this variation of 
quantivalence may extend. There are several of the 
chemical elements, and these among the most impor- 
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taut and most widely distributed, whose quanti valence 
nppeara to be invariable. This is especially tme of 
hydrogen, it is lilvewise true of the alkaline raetals, lith- 
ium, sodium, potassinm, ccesium, and rubidium, and it 
is also true of silver, all elements whose atoms are univa- 
lent.- It is further trne of the triralent element boron. 
Again, oxygen is always bivalent, and bo are also the 
mctaUic radicals of the alkaline earths, calcium, barium, 
atrontinm, and magnesium, and so are, moreover, the 
well-known metallic elements, lead, zinc, and cadmium. 
Lastly, aluminum, titanium, silicon, and carbon, are al- 
ways quadrivalent, althqugh, in the single instance of the 
molecule, CO, the carbon-atom appears to be bivalent. 
But, in addition to the fact that the variations in 
quantivaleneo are confined to a limited number of the 
elementary atoms, these variations appear to follow a 
remarkable law, which is thought to point to an ex- 
planation of their cause. As is shown in this diagram, 
the successive degrees of quantivalence in gold and 
phosphorus follow the order of the odd number : 
AuCI AuCI. 

pa, PCI. 

while those of manganese follow the order of the even 
numbers : 

MnF, . MiiF. MuF, 

Now, what is tnic of those atoms is, in general, true 
of the atoms of all those elements which have several 
degrees of quantivaleneo : at each successive step the 
quantivaleneo increases by two bonds, and never by a 
single bond. The explanation of the tact is thought to 
be that the bonds of any atom, when not in nse to hold 
other atoms, are satisfied by each other, and that, so far 
as these nnused bonds are concerned, the atom is in 
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the condition of a tiorsealioo magnet, with its north pola 1 
directed toward and neutralized by its Bouth pole. Thus J 
it ifi ftssiiiued that, in both of the two compounds of cap-^^ 
boa and oxygen, the carbon atom is iiuadrivalent, thed 
only difference being that, while in CO^ all four bondi 
arc employed to hold the two atoms of oxygen, in CO 
only two are so used, the other two neutralizing eaci 
other thug : 

o=c=o ceo. 

Of course, then, if the tinused bonds are in all caaeo^l 
neutralized in this way, it must be that the qnantivfe 
lonce of an atom will fall oS" from the highest degreel 
of which it it susceptible, by two bonds at each step ;.| 
so that, if the highest degree is odd, all mnst be odd, 
and, if the highest is even, all must be even, as in tho ' 
illustrations given above. Atoms with odd degrees of 
qnantivalence have been called pcrissada, and those with 
even degrees Iiave been called artiads, and tlie clsesifi- 
cation appears to be a fundamental one ; bet there are 
important exceptions to the general principle, which 
have never yet been reconciled with the theory. 

The doctrine of qnantivalence, which we have en- 
deavored to illustrate in this lecture, is one of the dis- j 
tinctlve features in which the new chemistry differa 
from the old, and the recognition of the fact that a defi- 
nite qnantivalence is an inherent quality of each elo- 
inentary atom was one of the chief causes of the revo- 
lution in the seience which has recently taken phice.* 
In the old eliemistry, the question of how tho element- 
ary substances were united in a compound was hardly 
raised, much leas answered ; but now tho manner in 
which the atoms are grouped together in tho tnolcculo 
has become an all-important question. Every mole- 
cule is a nnit in which all the atoms are joined to- 1 
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gether by tlieir several bonds, and it beeomeH an object 
of investigation to determine tlie exact manner in wliii;!! 
the molecular Btrnetiire is built up. Moreover, it ap- 
pears that tlie qualities and eliemical relations of a com- 
pound are determined fully as much by the structure 
of its molecules as by the nature of the atoms of which 
the molecules consist. For example, it was formerly 
supposed that the qualities of an alliali or an acid were 
simply the cliaracteristics of the compounds of certain 
elements with oxygen, but it now appears that they are 
the result of a definite molecular structure, and aro 
only slightly modified by the characteristics of tlie in- 
dividual atoms which may chance to be the nucleus of 
the molecule. 

We are thus fairly brought face to face with the 
qnestion of molecular structure that is to occupy our 
attention during the remainder of this coiu-se of lect- 
in regard to this qnestion, there are a few pre- 
liminary points which need barely be mentioned, as 
easily be apprehended, and require, therefore, 
no extended illustration. It is evident that witli univa- 
lent atoms solely we can only form molecules con- 
sisting of two atoms, like Na-CI, or H-Br. When we 
introduce bivalent atoms the structnre becomes more 
complex— as in II-O-II or K-O-CI. With several biva- 
lent atoma^we can form molecules in which the atoms 
seem to be strung together in a chain, sometimes of 
great extent, as — 

""/!t9,'*""-"' "r ir-o-pi,-o-pi,-n-pb-o-H. 

And, with atoms of higher quantivalenco, wo obtain 
groups of very great complexity, of which the multiva- 
lent atom ' is the nuelens, and serves to bind together 

' The atom with a high degree of quaatiyalencp. 
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tlie parte of Che molecule, Tlie molecule of calcic snl- 
pbate, for example, is supposed to have the complex eon- 

Ca S 
NO-' -^0 

CUdoSotptuts. 

Btitution ■which our symhol indicates, and it will bo 6eea 
that it is the sexivalent atom of sulphnr, which is the 
nucleus of the group, and holds the atoms together. So, 
also, ia the Btill more complex molecule of alnin, the 
double atom of alumiimin is tbc uuclcus of the group, 
O O 



O O 



O 



K-O-S-O-Al-Al-0-8-0- 



Folaiilc-AIuminic Sulpbite (AlomJ. 

and unites the several parts, while the four sexivalent 
atoms of sulphur arc the centres of subordinate groups 
connected with this nucleus. Notice that all thc'atoma 
are united by their respective bonds, and that to each 
set i3 assigned a definite quantivalence, and you can 
hardly fail to appreciate the important fundamental 
principles of our modern chemistry, ■which I liavc been 
endeavoring to illastrate. They may be simimod up in 
the following terms : 

The inUgHty of every complex mohcuU depends on 
the muUivalerfie of one or more of its atoms, and no 
such moleottle can exisi 'urdes& its parts are howid iSr 
geiher by these atomic clamps. 

Such symbols as those just given, by which w© at- 
tempt to indicate the relations of the parts of a mole- 
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cnle, are called graphic or Bometimcs rational symbols, 
and arc to be distinguiahed from those we have liitberto 
nsed, which, as they represent eimply the results of ex- 
periment, are Imown as empirical symbols. Of course, 
these graphic symbols are the expresfiions of our theo- 
retical conceptions, and must survive or perish with the 
theory that gave them birth. But, absurd as these con- 
ceptions certainly would be if we supposed them realized 
in the concrete forms which our diagi-ams embody, yet, 
when regarded as aids to the attainment of general 
truths, which in their essence are still incomprehensi- 
ble, these crude and mechanical ideals have the gi'eatest 
value, and become very important aids to the study of 
chemical science. 

The molecular strocture of bodies is inferred chiefly ' 
from the reactions of which they are susceptible, or by 
which they are formed, and I now propose to ask you 
to study with me a number of chemical processes which 
I have selected with a view of illustrating the structure 
of a few of the m<ye important classes of chemical 
compounds. The processes best adapted for our pur- 
pose, and therefore selected, are chiefly examples of 
metathesis, and incidentally we shall become acquainted 
with this third class of chemical reactions. 

Metathesis consists in the interchange of atoms or 
gi'oupa of atoms between two molecules, and implies 
ib&t the structure of these molecules is not otherwise 
altered. Such an interchange, of course, involves the 
breaking up of two sets of molecules, and the produc- 
tion of two new sets, and might be regarded as a con- 
currence of analysis and synthesis ; but the cases are so 
very common of chemical processes in which one atom 
or a group of atoms is simply substituted for another, 
■without otherwise altering the structure of the mole- 



2S2 QUAN'TIVALE>fCE AND METATHESIS. 

culca concerned, that it is convenient to study tlieso ro- 
ftctione hy themselves, The first example which I shall,! 
bring to your notice is the reaction of metallic BodiunLi 
on water. 

The effect of pure sodium on water is so violent' 
that we find it convenient to moderate the action by- 
amalgamating the metal with mercury, which, without 
in the least degree altering the relations of the sodium 
to the water, reduces the rapidity of the chemical pro- 
cess. We will, now, pass under this glass bell, which 
is filled with water, and standing on the shelf of the 
pneumatic trough, a bit of this sodium amalgam. You 
notice a rapid evolution of gas, which soon nearly fills, 
the bell. Let us examine this gas. On bringing the 
open mouth of the bell near a eandle-fiame, the gas takes 
fire and burns with the familiar appearance of hydi'ogen, 
and this is sufficient to assure you that the product with 
which we are here dealing is hydrogen gas. But what 
is the other product of the reaction ? To discover this, 
we will next place another lump, ^his time of the ptire 
metal, on an open pan of water. The metal ia lighter 
than water, and floats on the eni-facc, but, to prevent it 
from swimming around, wo have placed on the liquid a 
disk of filtering-paper on which the lump rests. The 
action is now very violent — hydrogen gas is evolved 
as before, a high temperature is developed, and the 
metal melts. Were the melted globule free to swim on 
the surface of the water, the cooling effect of the liquid 
would prevent the temperature from rising to the point 
of ignition. As it is, howeyer, the globule being entan- 
gled by the filter-paper, the heat soon accumulates to ft 
sufficient degree to inflame the escaping hydrogen, and 
this furnishes us with the evidence that the gas is real; 
ly escaping. But the color of the flame is not familiar. 
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Why is it bo yellow ? Simply because tlio flame contaiua 
a small amount of the vapor of sodium, and the merest 
trace of that vapor in any flame is sufficient to color it 
intensely yellow. Any volatile compound of sodium 
, introduced into a non-luminous gas-flame produces the 

I same effect. liut where is that other product wo are 
eeebing ? Evidently we must look for it in the water, 
on which the sodium has been acting, llave the quali- 
ties of the liquid changed ? This question can be au- 
Bwercd by a siqiple teat. Here we have some strips of 
paper, which are colored with certain well-known vege- 
iable dyes. The yellow strips are colored with tm'- 
qieric, and the red with litmus. On dipping these 
strips in a jar of pure water, notice that the color ia not 
in the least degree moditied ; but mark that, when the 
yellow, strip is drawn through tlie water on which the 
sodium has been acting, the color becomes at once bright 
red ; while, on the other hand, the strip colored red by 
litmus becomes blue. Evidently it is some product of 
the reaction dissolved in the water which produces these 
changes, and this conclusion will be confirmed on tast- 
ing the water, which has acquired a sharp, biting taste, 
and attacks the skin, producing, when ruihed between 

■ the fingers, a peculiar unctuous feeling, efiects which 
every one will recognize as those of a caustic alkali. If, 
now, we evaporate the water, we shall obtain a small 
quantity of an amorphous, white solid, similar to that 
which is contained in this bottle, and which is only a 
-purer form of the caustic soda of commerce used in 
such great quantities for making soap- 
As we are able to discover no other results of this 
process except the two substances you have seen, you 

I may conclude that the only products of the reaction of 
Bodium on water are hydrogen gas and caustic soda. - 
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Next, aB to tlie nature of the process, and liow we can I 
express it by our symbols. We know all about the 
molecular constitution of the factors of the reaction. 
The symbol of a molecule of Eodium is Na-Na, and 
tliat of water H-O-II. These molecules have the sim- ^ 
jjlest types of structure. We also Imow that the mole- 
cule of hydrogen gas has the symbol II-II, but how 
about the molecule of caustic soda (sodie hydrate, as we 
call it)1 Chemical analysis shows that this substance 
consists simply of sodium, oxygen, and hydrogen, in 
proportions, by weight, coiTesponding exactly with 
those proportions which have been assumed to be the 
relative weights of the atoms of these three elements, 
Analysis, therefore, proves that the molecule of caustic 
soda contains an equal number of atoms of all three of 
its elementary constituents, but it does not enable us to 
decide whether its symbol is NaOII or NajOjHj, or any 
other simple multiple of these letters. Here, however, 
the principles of quantivalence come to our aid. We 
know that both n and Na are univalent atoms, and 
that the molecule of oxygen can only hold two such 
atoms. Hence the symbol must be Na-O-IT, and can 
be nothing else. Were caustic soda a volatile solid, so 
that we could determine the specific gravity of its va- 
por, wo could reach a knowledge of its molecular con- 
stitution in the manner previously described, which is 
much more direct and satisfactory ; but, as it cannot be 
volatilized within any manageable limits of tempera- 
ture, we are obliged to resoi-t to methods whose re- 
sults are undoubtedly less conclusive, and depend, to a 
greater or less degree, on theoretical considerations. 

Writing out, now, the symbols of the factors and 
products of oar reaction, 

Ka-Na H-On Na-O-H H-H, 
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we notice that, as there are two atoms of Na in the 
nioleeule of the metal, we must have formed two molc- 
ciiles of Na-O-H, and, as there will then be four atoms 
of hydrogen among tlio prodncts, there must be two 
molecules of water used in the factors, and our reac- 
tion, thus amended, heeomes 

Sa-Na + an-o-H = 2N<i-0-n + n-n. 

If, next, we represent the reaction by graphic symbols, 
the nature of the change will be made still more evi- 
dent : 

H-O-H Na _ Na-O-n H 

n-O-n Sa ~ Na-O-il K. 
It will he now seen that the two atoms of sodium have 
changed place each with an atom of hydi-ogen in the 
molecule of water, and that the displaced atoms of 
hydrogen have taken the place of the atoms of sodium. 
In a word, the new molecules have precisely the same 
Btracture as the old, and only differ from them in the 
substitution of Na for II, or the reverse. This reac- 
tion is, therefore, a simple example of metathesis. 

Caustic soda (or sodic hydrate), which was one of 
the products of the reaction we have been studying, 
belongs to a class of substances which have long been 
distinguished for their very marked and useful quali- 
ties, and are called alkalies. The most striking and 
familiar of these quaUties have already been noticed, 
and, among others, the effects which the alkalies prodnee 
on the colored papers dyed with turmeric or litmus. 
Now, there is another class of compounds whose quali- 
ties, while equally marked, bear a moat striking antithe- 
sis to those of the alkalies. These compounds are called , 
acids, and the word recalls a peculiar taste and a corrosive 
action, with which every one is more or less familiar. 
Here we have one of these substances, the muriatic 
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acid of coinmerce, wliicb, as I bavc already told jon, is 
a Eolution of liydroehloric-acid gns (HOI) in water. 
Notice that, when I dip in this acid solution the dyed 
I>ai>er8 which have been altered by the altali, their 
former color is at once restored. The acid thus imdooa- 
- the effect of the alkali, and, what is more, if I add the 
acid slowly to the alkaline solution, and, after each 
addition, test the solution with my papers, I shall find 
that the alkaline I'eaetion, as we call it, becomes feebler 
and feebler until at last it wholly disappears. So, on the 
other hand, if we add the alkaline to the acid solution, 
the test-papera ■will show that the acid qualities disappear 
in a similar manner, and we can easily bring the solui 
tion to such a condition that it has no more effect on 
the vegetable dyes than so much pure water. This 
chemical process is usually described by saying tliat the 
acid and alkali neutralize each other, and notice that in 
the case before ua the test-papers show that the neutral 
point has been reached. On tasting the eolntion, we 
cannot discover the least traces of either an acid or an 
alkaline taste, but in their place we recognize the flavor 
of common galt,,nnd if we evaporate the solntion we 
shall obtain a small quantity of this most familiar con- 
diment. 

With all the substances concerned in the reaction 
we have just studied, we are perfectly familiar, let us 
sec, then, if we cannot express the reaction by means 
of our chemical symbols: 

Kfl-O-n + HCl = n-O-H + Kn-Cl. 

Sodic Hydrate. njilrocMoiio Acid. 'Writor. Bodic CtJnrlde. 

The reaction eridently consists in the simple substitu- 
■tion of Na for E in the molecule of HCl, and the 
reproduction of a molecule of water, ■which, mixipg 
with the great mass of water present, would naturally 
bo lost sight of in the experiment. 
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It appears, then, that, in the present ease at least, 
the neutralizing of an acid by an alliali Ib a simplo 
metathetieal reaction, in whieli the metallic atom of 
the alkaline-molecule changes place with the hydrogen- 
atom of the acid-molecule. Now, the chief interest of 
this experiment arises from the tiict that it is a single 
example of a general truth, and the principle is one 
of such importance that it requires forther illustration. 

On the second pan of water I therefore throw a 
lump of another metallic clement, closely allied to so- 
dium, called potassium. The action is even more vio- 
lent than before, and mark that the escaping hydrogen 
inilames while the metallic globule is swimming rapidly 
about on the surface of the water, Kotiee, also, the 
beautiful color which the potaBsium-vapor imparts to 
the flame, so diflerent from that obtained with sodium. 
These colors are, in fact, very characteristic, and, when 
exanu'ned with the spectroscope,* are condensed in cer- 
tain luminous bands, whose positions on the scale of 
the instrument affofd a never-failing indication of the 
presence of the metal in the flame. Tou see, more- 
over, that, as before, the water has acquired an alkaline 
reaction, and, if we evaporate the solution, we shall ob- 
tain a small quantity ol' a white solid called potash (or 
potassie hydrate), so similar to caustic soda that the two 
can scarcely be distinguished except by chemical tests. 
The process is so analogous, in every respect, to the 
last, that it is certainly unnecessary to repeat the evi- 
dence on which our knowledge of the reaction is 
based, hut we will express it at once by our chemical 



The sole diffLTcuce is that we have here atoms of potas- 
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eiuin, K, instead of atomB of aodiuiii, Xa, which, how- 
ever, like tlie last, take tlie place each of a hydrogen- 
atom in one of the molecules of water. 

In the previous example we neutralized the alkali' 
8oda with hydrochloric acid. We have here another' 
compound of the same dasB, called nitric acid, and let 
ua Bee whether, in like manner, this acid will neu- 
tralize the alkali potash. Notice that, as we add the 
aeid, the alkahnc reaction becomes feebler and feebler, 
until at last it has entirely disappeared. The -liquid 
has now no effect on either of tiiese sensitive papers. 
On tasting it, we discover no pungency, and likcwisi 
no acidity, but we recognize a peculiar Baline taste, 
which is not unfamiliar. Here is a bit of paper which 
has been dipped in a similar solution and dried. See 
Low it sparkles when lighted, and every hoy will tell oa 
that we are dealing with the well-known salt we call 
nitre. And so it is; and, on evaporating the solution, 
we should obtain the familiar crystals of this substance. 
Before we can explain this new reaction, we must 
know what is the symbol of a molecule of nitric 
acid, and also that of a molecule of nitre. Since nei- 
ther of these substances can he volatilized without de- 
composition, we cannot weigh their vapor, and cannot 
therefore apply the method of finding the symbol we 
explained in a previous lecture. As in the case of the 
Bodic hydrate, however, we are not wholly helpless, for 
analysia will tcU us a great deal, and, once for all, let ns 
consider just how much information an accurate analy- 
sis will give us in regard to the symbol, and how far 
it leaves us in the dark; 

Here, then, we have the analysis of nitijc acid, and 
in regard to the accuracy of those numbers there can- 
not be a doubt : 
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Hydrogen 2.57 1 H 

Nitrogen 35.89 14 N 

Oxygen 61.54 48 O, 

100 
Nitric acid consists of the three elementiiry substances 
— hydrogen, nitrogen, and oxygen — in tlie exact prtj- 
portions here indicated, Just bo many per cent, of 
each. Now, these per cents, are to each other pre- 
cisely as the numbers 1 : 14 : 48 ; or, as the weight of 
one atom of hydrogen is to the weight of one atom of 
nitrogen is to the weight of three atoms of oxygen ; or, 
in symbols, as H : N : O3. But, as every one knows, 
we may multiply all the terms of a proportion by any 
nnmbcr we please without in the least altering the 
value of the ratios— thus, 1 : 14 : 48 = H : N : O3 = 
Ha : Na : Oa - Ha ; Nj : Oe ; or, in general, as H„ : 
No : Oan- Hence, then, if nitric acid consists of hy- 
drogeii, nitrogen, and oxygen, in the proportions which 
our analysis indicates, its molecule must be represented 
either by HKQa, or by some simple multiple of these 
symbols. Knowing, then, as we do, the relative 
weights of the atoms, simple analysis will tell us in 
ev.cry ease the relative number of atoms present in 
the molecule, but it cannot fix the absolute number. 

Ton see, therefore, that analysis alone gives us al- 
ways a close approximation to the symbol, and limits 
the question within very restricted bounds. The sim- 
plest formula in any ease is that which represents the 
molecule as consisting of the smallest number of whole 
atoms which will satisfy the conditions, and the only 
question can be as between this symbol and its multi- 
ples. In the case of all volatile compounds, a vary 
rough determination of their vapor density is sufBcient 
to decide the question. Thus, in the case of nitric "acid, 
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if tlie ajnnbol is IINO3, the molecular weight is ( 
aud the vapor deneity would be 31.5. Were the eyra 
bol IIjNuOb, the density would be G3 ; were it HgNjC 
the density wonld be 94.5 ; and, although there are 
causes which make many of oiir determination 8 of Ta-uj 
por densities untrustworthy within several per cent.,,' 
they are abundantly accurate enough to show which of 
such widcly-ditfering values luust be the true 

Hence, although theoretically the molecular weight, 
as determined by the vapor density, is our starting- 
point in the investigation of the symbol of a compound, ' 
practically it ia only used to control the results of anal- 
ysis. So also, when, in the case of non-volatile com- 
pounds, we must resort to other modes of fixing the 
molecular weight, an accurate analysis having once been 
made, the question lies only between a few widely-differ- 
ing numbers, and considerations are snfEeient to decide 
■ between those which would not be regarded as satisfac- ■ 
tory were greater accuracy required. 

Of course, as must be expected, there are substances 
in regard to which no definite conelneions can be , 
reached, and where conflicting evidence renders differ- 
ences of opinion possible. This ie tnie of many min- 
eral species, and the symbols of such compounds are in. ■ 
doubt to the extent I have mentioned. In such cases, 
wo usually adopt provisionally the simplest symbol, 
and wait for the advance of science to correct any ertot 
which may he made, and which, for the time at leasts 
18 unimportant. 

This is, undoubtedly, a difficult subject — one of the i 
most difBeult in chemistry ; but the difficulty can be ( 
mastered with a little thought, and it requires no Ae- H 
taOed knowledge of the science to follow the reasoning;! 
thus far. It is different, however, with the purely chen»- [ 
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ical evidence on which wc are frequently obliged to 
rely for deciding between tbe few formidas wliicli, in a 
given case, analyeia sbows may be possible. Tills evi- 
dence will have no force, except with those who have 
ah-eady a competent knowledge of the facts. Thus much, 
however, can bo understood. The facts of chemistry, 
like those of any other science, are parts of a general 
plan more or less fully apprehended by the student, and 
the evidence of which I am speaking may be summed 
up in the statement that the given symbol is accepted 
because it is consistent with this plan. Of course, such 
reasoning is not absolutely conclusive, and there ifi 
room for doubt, but so there is in every department of 
science. A part of the way we walk in the clear light 
of knowledge ; the rest of the way we grope ; but It ia 
only thus that we can penetrate the darkness of the 
unknown, and we rely on that intelligence in man 
which finds its response in the intelligence of Nature, 
to direct our steps. 

Having now explained as fully aa our time will per- 
mit the general nature of the evidence on which we 
depend for establishing the empirical symbol of a com- 
pound, I shall not recur to it again, but shall regard it 
as sufScient to say that chemists are agreed that the 
symbol ia thus or so. In the case of nitric acid, there 
is no question that the symbol of the molecule is 
HNOg, and, in hke manner, KNOj is the received sym- 
bol of nitre. How, now, shall wo write the reaction wo 
last studied ? Simply thus : 



The reaction, then, consists merely in an interchange 
between the bydrogon-atom of the acid and the metsd- 
lic atom of the alkali. It is, then, precisely similar to 
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tlie reaction between soclic hydrate and hydrochloric 
add; and, it', as I said before, these are only cxamplca 
of what is true in tlio case of all alkalies and all acide, 
we are certainly justified in deducing from our experi- 
ments the following principles : First, an alkali is a 
eubstanco whose molecules have a definite atructnre, 
and differ from the molecules of water only in hav- 
ing a metallic atom in place of one of the hydrogen- 
atoms of the water-molecule ; secondly, an acid is a 
Bubetancc whoso molecules contain at least one atom 
of hydrogen, which is readily replaced by the metallic 
atom of the alkali when the two substances are brought 
together. 

As the illustrations already given indicate, the cliar- 
actcristic qualities of an acid depend upon the circum- 
stance that certain hydrogen -atoms in the molecules 
of these substances are readily replaced by metallic 
atoms. In my next lecture, I shall show that this sus- 
ceptibility to replacement depends upon a definite 
molecular structure, but I must not leave this subject 
without insisting on the fact that tliis characteristic of 
acids is manifested in other ways besides the speeial 
mode we have been studying. A few experiments will 
illustrate this point : 

In this flask there are some wronght-iron iiail&, 
"Wo pour over them some muriatic aeid, and warm thq^fl 
vessel. At onco there is a hrisk evolution of gas, whie 
we are here collecting, in tlie usual way, over wnter^ 
and notice that, when lighted, the gas bums with t" 
familiar flame of hydrogen. Muriatic acid is an ol^ 
friend. We know all about its constitution, and iH 
is evident that the iron-atoms have replaced the h.^ 
drogen-atoms of the acid. If we evaporate the sc^l^ 
tion left in the flask, we shall obtain a green salt c 
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rBisting of chlorine and iron. The reaction is thus 
represented : 
H-CI CI TT 

+ Fo = Fe-^ +1 

H-Cl ^Ci n. 

HjdrMhloric Add. Irm. Ferrooe Chkirliic. Hydrogen Gas. 

As the iron-atom is "bivalent, it takes the place of two 
atoms of hydrogen, which, when thas displaced, form a 
molecule of 1 




Fio. 31.— PreporalioB of Hylngca Gas. 

In the second flask aro some zinc-clippings, and we 
will pour over them some dilute sulphuric acid, one of 
the beet known of the elasB of compounds we are study- 
ing. Again, notice a brisk evolution of gas (Fig. 31), 
which also, as you'see, bums like hydrogen. Indeed, 
this is the process by which hydrogen gas is usually 
made : 

Snlpborlc Auld. ! 

la the reaction, which is here written, yon notice that, 
as before, the metallic atom takes the place of two 
atoms of hydrogen ; hut sulphuric acid differs from 

^^ 
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bat each oJ^J^^J 
hicli can bO-^H 



both bjdrocbloric acid and nitric acid in tbat e 
its molecules has two atoms of hydrogen, which c 
thus replaced. 

Examples like these might he multiplied indefi- 
nitely. We will conclude, however, with one more 
experiment, which illustrates the same susceptibility to 
substitution, but under slightly dilferent conditione. 
This white powder is called zinc oxide, and is a com- 
pound of zinc with oxygen. Notice that it dissolveB ' 
readily in a portion of the same dilute sulphuric acid I 
iised in the last experiment. Moreover, on evaporating ^ 
the solution, we should obtain zinc sulphate (ZnSOJ, 
the same product as before. Why, then, is there no 
hydrogen gas evolved ? Lot our symbols tell us : 



ZnO 



n,so. 



ZnSO.. 



You Bee that the metathesis yields water instead o 
hydrogen gas, and the question iB answered. 
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Ih our last lecture we saw that, whether an scid is 
brought in contact with an alkali, a metal, or a metallic 
oxide, one or more of the hydrogen-atoms in its mole- 
cules become replaced bj metallic atoms from the mole- 
cules of the associated body, and this susceptibility to 
replacement was, as I stated, the distinguishing feat- 
ure of that class of compounds we call acids. But I 
should leave you with a very imperfect notion of these 
important relations, if I did not proceed further to 
illustrate that the class of compounds we call alkalies, 
and which we have been accustomed to regard as the 
very opposite of acids, have exactly the same charac- 
teristics. 

In this small glass flask there are some clippings of 
the meta! alaminum, the metallic base of clay which 
has, within a few years, found many useful applica- 
tions in the arts. On this metal I pour a solution of 
eaiistic potash. Notice that, on heating the flask, I 
obtain a brisk evolution of gas. On lighting the gas, it 
bums with a flame which leaves us no doubt that the gas 
Ts hydrogen. What, now, is the reaction ? Somewhat 
more complex than those you have previously studied. 



ELECTRO-CHEMICAL TilEOBT. 



because the atom of aluminum has a quantivalence of 
eix. Moreover, in order to satisfy certain very striking 
analogies, we write the sjinbol of tliis atom Al^, that 
is, we take 27-4 m.c. of aluminum for the a^umei 
atom, and represent that by Al, although 54.8 m,c. 
which we write Al„ is the smallest quantity of the ele- 
ment of which we have auy knowledge, or which 
changes place with other atoms in the numerous meta- 
thetieal reactions witli which we are acquainted. Here 
K - o - II 



m 



K-O-ll 
K - O - H 



+ Al, = E."0.-',U, + 3H-H. 



the Al, takes the place of sis hydrogen-atoms, thus 
binding together what were before six distinct mole- 
cules of K-O-H into a single molecule of the resulting 
product. Evidently, then, the hydrogen-atom in the 
molecule of the alkali has the same facility of re- 
placement as that in the molecule of the acid. Nor 
ia this an isolated example, although, perhaps, the most 
striking we could adduce, and it illustrates a truth 
which was recognized long before the general adoption 
of the new philosophy of chemistry. Acids and alka- 
lies belong to the same class of compoundB, and caustic 
potash and nitric acid are simply the opposite extremes 
of a series of bodies in which all the inttrmediate 
gradations are fully represented. In our modem 
chemistry we call this class of chemical substances Ay- 
draies, and we distinguish the two extremes of the 
class as alkaline (or basic) and acid hydrates, 
tively. The terms alkaline and basic are here 
synonymously, although the first is generally reatrietei 
to the old caustic alkalies, including ammonia and the 
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few componndB closely allied to them, which have been 
recently diseorered. 

Seeing, now, that the hydrogen- atom in the mole- 
cule of potassic hydrate has the same susceptibility of 
replacement whose cause we are seeking to discover, 
and knowing, as we do, the structure of this nlkaline 
moloeule, may it not be a similar structure which de- 
termines the like BuseeptibUity in the molecules of all 
acids; for example, in those of nitric acid ! What, now, 
is the position of the hydrogen-atom in the moleciile 
which we have so often written, K-O-H ! "WTiy, simply 
this. It la one end of a chain of t"liree atoms which 
has an atom of the metal potassium at the other end, 
and an atom of oxygen connecting the two. Now, we 
can write the s^Tnbol of nitric acid thus : 



-(-C8). 



and you will observe that we thus satisfy all the condi- 
tions of quantivalence, and have a structure similar to 
that of potassic hydrate. As before, we have an atom 

I of oxygen uniting the hydrogen atom with the other 
, end of the chain ; but then this end of oar molecular 
etructure is formed, not by a single atom, bnt by a 
group of atoms (NOj) which, nevertheless, can be re- 
placed by metathesis just like a simple atom. 
Allow me here, however, to make a short digres- 
sion from the main line of my argument, in order to 
define an important terra which we shaU have frequent 
occasion to use during this lecture. Ey compitring the 
eynibol K-O-II with H.0-(NO5), it will be evident that 
the only essential difference between them is tliat the 
group NOj in the hist takes the place of the atom K in 
the first. It must be, then, the influence of this part 
of the molecule which determines the difference be- 
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tween a strong alkali and a sh-ong acid. Now, such an 
atom or Buch a group of atoms, wliieh appears to deter- 
mine tlie cliarneter of the molecule, is constantly called 
in chemistry a radical. Tims K is the radical of the 
molecule K-O-H, and KO2 the radical of the molecule 
II-O-NOj ; but, while the potassinm-atom is called a sim- 
ple radical, the group NOi forms what ia known as a 
compound radical. The influence of simple radicals in 
determining the fjualities of their compounds has long 
been recognized. Indeed, the old chemistry laid alto- 
gether too much stress on this influence, regarding the 
qualities of a subetance as derived in some unknown 
but remote manner from the qualities of its elements, 
and wholly ignoring the efi"eet of moleculnr structure 
on these qualities, which we now know to be at least 
equally great. It was a very great step forward when 
the German chemist liebig first recognized the truth 
tliat a group of atoms might give a distinctive charac- 
ter to a class of compounds just as effectively as an ele- 
mentary atom. These groups he first named com- 
pound radicals, and assigned some of the names by 
which the more important of them are still known^ 
and we now speak just as famiharly of the eomponnds ' 
of cyanogen (CN), of ammonium (NHj), of methyl 
(OHb), of ethyl (QjHj), etc., as we do of the compounds 
of clilorine, potassium, zinc, or iron. Moreover, each 
of the compound radicals, like a simple radical, has 
a definite quantivalence, but, while the quantivalence 
of the simple radical depends on wholly unlmown 
conditions, that of the compound radical depends on 
the quantivalence of the elementary atoms of which it 
consists. Tims the radical NOj is univalent beea 
one only of the five bonds of tlie nitrogen-atom 
mains imclosed, as the symbol indicates. Ex.i 
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I also, the graphic symbola of tlie other compound radi- 
cals mentioned above : 
In each case, the number of bonde which are not closed 
determines the quauti valence. 

Keturning, now, to our comparison between K-O-II 
and lI-O-NOj, we should descrihe the relations of the 

• molecules in a few words by saying that the acid and 
the alkali had molecules of the same general striieture, 
but ditfered in that the radical of the alhali was the ele- 
mentary atom potaesium, while the radical of the acid 
was the atomic group NO,. 

As the result, then, of our discussion, we are led to 
the theory that acids and alkalies are compounds hav- 
ing the sfftno general molecular structure, and that the 
Busceptibility to replacement of the hydrogen-atom br 
atoms, which all these compounds contain, depends 
upon the molecular stnicture, while the differences be- 
tween acids and alkalies, and, we might add, the differ- 
ences between individual acids or individual alkalies, de- 
pends on the nature of the radical. Having been led 
thus far, the question next arises, Can we trace any con- 
nection between the acid and alkaline characters of the 
compounds, on tlje one side, and the nature of the rad- 
icals, which appear to determine these features, on the 
other side ? 

The simple radicals, as tliey appear in the elemen- 
tary substances, may be divided into two great classes, 
the metals and the non-metals, the last class, by a sin- 
gular perversion of language, being frequently called 
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metalloitls. Now, the most elementary knowledge of 
cLemistrj ehowB that, while radicals of opposite na- 
tures combine most eagerly together, two metals, or two 
closely-allied metalloids, bLow but little affinity for each 
other. These facte eiiggest at once an analogy between 
chemical affinity and the familiar manifestations of 
polar forces in electricity and magnetism ; where it is d 
also true that the like atU-acts the unlike. Moreover, | 
it is found that, when, in the various processes of elec- I 
trolysis, cliemical compoirnds are decomposed by tlio I 
electrical current, the difl'erent elementary subBtances I 
appear at different poles of the electrical combiaa' 
tion. Thus, hydrogen, potassium, and, in general, the 
mctale, are evolved at what is called the negative pole, 
while oxygen, clilorine, bromine, and the allied metal- 
loids, appear at the positive pole. It was, then, not tm- 
natural to refer these effects of electrolysis to the elec- 
trical condition of the atoms, and to assume that the 
atoms had an opposite polarity to that of th6 poles, to 
which they were attracted, and hence the metals came 
to be called electro-positive and the metalloids electro- 
negative radicals; and these facts were thought very 
greatly to confirm the notion that chemical afiinity is a 
manifestation of polar force closely allied to electrical 
attraction, 

As expounded by the great Swedish chemist, Berze- 
liuB, this electi'o-chemical theory gave new life to that 
system of chemistry which, introduced into the science 
by Lavoisier and his contemporaries, has been only re- 
cently superseded. Corresponding to the duality of the 
electrical and magnetic poles, it was argued that there 
must be a duality in all chemical compounds, the ele- 
ments uniting by twos to form binary compounds, the 
binaries again uniting by twos to form ternary com- 
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(pOTmds, and so on ; and from this, its most character- 
istic feature, the old philosophy is now called the dual- 
istic si/stem. As the knowledge of chemical compoanda 
has been enlarged, it has been found that, whatever may 
be the resemblancea between electrical and chemical at- 
tractioDj the analogy fails in the yerypoint on which the 
dualistie system relied. But the chemists of the new 
school, in their reaction from dualism, have too much 
overlooked the electro -chemical facts, which are as true 
now as they ever were. The diatinction between posi- 
tive and negative radicals, based on their electrical rela- 
tions, is evidently a most fundamental distinction, al- 
though, as Berzelius himself showed, the distinction is a 
relative and not an absolute one. It is possible to clas- 

■ sify the radicals in one or more series in which any mem- 
. ber is positive toward all that follow it, and negative 
toward all that precede it in the same series, and this 
principle is as true of the compound as it is of the sim- 
ple radicals. Now, it is in this difference between posi- 
tive and negative radicals that we shall find the origin 
of the distinctive features of the acid and the alkali. 

Compare, again, the symbols of potassie hydrate 
and nitric acid as we liave now learned to write tliera — 
K-O-H and H-O-NOj— and seek, by the electro-chemi- 
cal classification, to determine what are the electrical re- 
lations of the radicals K and NO^, to which, as I have 
Ieaid, we must refer the distinctive features of these 
compounds. It will appear that K, the radical of the 
slkali, is the most liighly electro-positive, and NOj, the 
radical of the acid, one of the most highly electro-nega- 
tive of all known radicals. Horeover, if you will ex- 
tend your study, and compare in a similar manner the 
electrical relations of the other well-marked alkaline and 
acid hydrates, youwill find that the radicals of the al- 
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kaltcB are all electro-positive, and the radicals erf fbM 
ucide all electro-negative, and, further, that the distinc- I 
tivo features of the alkali or the acid are the more I 
marked in just the proi»ortion that the position of the I 
radical of tlie compound, in the electrical claBsiflcation, I 
is the more extreme. Lastly, those hydrates whose 
properties are indifferent, and which sometimes act as 
acids and sometimes as alkalies, will he foimd to contain 
radicals occupying an intermediate position in the same 
classification. . 

In fifllowing, then, the path which theoretical con- I 
Bidorations have opened, we have met with a most re- 1 
marbablo class of facts. Alkalies contain radicals which, 
in the process of electrolysis, arc attracted toward the 
negative pole of the battery, while acids contain radi- 
cals which, under the same conditions, are drawn toward 
the jjoaitive pole, and, in the proportion as the energy 
thus mutually exerted between radical and pole is tlio 
more marked, the acid or alkalme features of the hy- ] 
dratcs of the radical arc the more pronounced. Here 
are the facts, which no one will question ; and what^ I 
now, is the explanation of them 'i We can give only a 
theoretical explanation based on the analogies of polar | 
forces, a mode of manifestation of energy of which the 
chemical force appears to partake, as the very phenom- 
ena of electrolysis indicate. 

If we carefully study what we have called the dis- 
tinctive features of acids and alkalies, they will be found 
to depend on this, that the hydrogen-atoms of acida are 
readily replaced only by positive, and the hydrogen- 
atoms of alkalies only by negative radicals. In other j 
words, with every hydrate the power of easily replacing 1 
its hydrogen-atom is only enjoyed by those radicals i 
which are opposite in tliuir electrical relations to the 
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' radical whicli the hydrate already eontams. This will 
be found to be the one characteristic to which all that- 
18 jjeeuliar to either acid or alkali can be referred, and 
if we can explain this we have explained all. 

The explanation we would oft'er is as follows : The 
oxygen-atom with its two bonds, -0-, is in a condition 
Bimilar to that of a bar of soft iron, snsceptible of mag- 
netism. When we unite the atom by one of these 
bonds with a positive radical, we produce an eifect sim- 
ilar to that obtained by placing in contact with one end 
of such an iron bar a powerful magnetic pole. Under 
these conditions, as is well known, the two ends of the 
bar become strongly polar, the farther extremity ac- 
quiring a polarity of the same kind as that of the active 
polo ; and so, in the case of our oxygen-atom, a posi- 
tire radical united at one bond seems to polarize the 
atomic mass, and make a positive pole at its other end. 

K-O*- 

Furthermore, if we bring a lump of nickel in contact 
with the free polo of an iron bar, in the condition thus 
described, magnetic attraction will be developed in the 
mass of the nickel, a negative pole will be formed at tbo 
point of contact, and the lump will adhere. So, also, 
B may suppose tliat a similar effect is producetKm tho 
. somewhat indifferent hydrogen-atom, which, added to 
K-0-, makes up the alkaline molecule — 

K-o"-n. 

Lastly, if we bring near the now loaded pole of our 

[ iron bar — to which we will assume there is attached 

I as largo a lump of nickel as it is capable of holding 
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— a lump of soft iron, tlie pole will drop the nickel 
and take the iron. In like manner, if we bring near 
oiir alkaline-molecule a radical, like NO;, whicJi has, 
by its own nature, or is capable of receiving by induc- 
tion, a higher degree of negative polarity than the hy- 
drogen-atom, then the molecule drops the hydrogen- 
atom and takes the radical. 

Agaui, start with the same oxygen-atom with Its 
two .possible poles, and unite it by one of its bonds to 
a Tiegatioe radical, it is evident that an opposite effect 
will be produced to that described in the last paragraph. 
The hydrogen-atom united to the remaining bond will 
now become by induction electro-positive, thus : 

H.-0*-(NOO; 
and, consequently, if we bring near the raoiecule a rad- 
ical like K, which, by its nature, has a highly electro- 
positive polarity, the molecule will drop the hydrogen 
and take in its place the potassium atom. It is the 
preference for a negative radical in place of its hydro- 
gen-atom which makes the first molecule alkaline, while 
it is a similar preference for a positive radical which 
renders the second molecule acid ; and these preferences, 
as we now see, are manifestations of energy similar to 
those with which we are familiar in that well-known 
mode of polarity called magnetism,' 

Let me not, however, be understood to imply that 
the analogy here presented is perfect, or that it can be 
followed out into details ; for this is far from being 
true. If chemism is, as it seems to be, a mode of 
polar action, it manifests characteristics which find 
their parallel in electrical i-ather than in magnetic phe- 
nomena. One instance of the failure of the analogy 
I have drawn we meet at once — and you have probably ' 
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already detected it — in that important but small elasa 
of acids of which hydrochloric acid is the type. The 
molecules of these compounds consist of a single hy- 
drogen-atom united to a highly-negntive radical, and 
this hydrogen-atom lias tho same susceptibility of re- 
placement by positive radicals, which is the essential 
characteristic of the acid hydrates we have been study- 
ing. These molecules contain no oxygen, and how, 
you may ask, can the theory of the constitution of acida 
and alkalies we have been expounding apply to them S 
The only answer we can give is, that they appear to 
present a simpler type of polarity, to which, though 
unlike magnetism, we have a parallel in the phenomena 
of electricity. 

Take, for instance, the molecule of hydrochloric 
acid, HCl, the best example of its class. In this the 
chlorine-atom seems to have a single pole, which is 
strongly negative, and by its influence there appears 
to be induced an opposite pole, also ai-ngU, in the atom 
of hydrogen. If, now, we bring near to this binary 
group an atom like Na, which either has by itself, or 
is capable of acquiring by induction, a higher degree 
of positive polarity than H, then the chlorine pole drops 

I the H and takes the Na. 
In the polar condition thus developed, the two op- 
posite poles are on different atoms, and not only are 
the two atoms separable, but the positive or negative 
virtue appears to be inherent in the atom, and is trans- 
ferred with it. A magnetic pole, on the contrary, is 
always associated with its opposite on the same mass of 
metal, and, if the mass is divided, two poles are found 
on each of the fragments, and soon indefinitely, however 
far the division may be carried. In the phenomena of 
statical electricity, however, we have a well-defined 
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condition of polarity, to wliicli the example of chemiBinl 
we have beeu just diseussing appears to be closely al- j 
lied. If a pith-ball, electrified positively (or vitreous- ] 
ly), is brougbt near a similar ball electrified negatively 
(ot resinouflly), they attract each other, and the one be- | 
comes the pole of the other. If, now, the two are sep- . 
arated, each carries with it its electrical charge, and 
tlie peculiar virtue it baa lu consequence of that charge. 
But, tlioiigh the two poles may thus be separated, and ] 
cease to have any relation to each other, yet they do 
not become isolated in any prober sense of that term, 
for each of the electrified bodies draws, by induction, 
an electrical charge, opposite to its own, to the extrem- 
ity of the nearest conductor, and this charge becomes 
a new pole. An isolated pole is, in fact, a contradic- i 
tion of terms. Polarity implies an opposition of rela- 1 
tions, which involves two poles, and electrical polarity 1 
differs from magnetic polarity cliiefly in the circum- 
stance that the two poles are separate bodies. The mag- 
netic poles are the ends of a polarized bar of iron, while 
the electrical poles are the boundaries of a mass of po- 
larized dielectric, usually air, which intervenes between 
the oppositely electrified bodies ; and every charge of 
elGctrieity is just as closely associated witli an opposite , 
charge resting on some conductor beyond the insulating 
dielectric, as one magnetic pole accompanies the otiier. 

Now, it is worthy of remark that this indissoluble ' 
association of opposite poles, which we must expect to 
find in chemical phenomena, if chemisra is, as we sup- 
pose, a polar force, is actually manifested in a striking 
class of facts. The univalent atoms which, lilce those i 
of chlorine or sodium, act as single polos, are never J 
found isolated, but are always associated in a mole- 
cule with at least one other atom which forms the op- 
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poaite pole of tlie moleeular systeoij and, altliough the 
two pok'B of a molecule like HCl can be readily sepsi- 
rated, the atoms do not reranin isolated, hut immedi- 
ately foi-m new associatious, as in this very ease, where 
the atoms of hydrogen pair oif into molecules of hy- 
drogen gas (H-H), and those of chlorine into raoleculcB 
of clilorine gas (Cl-Cl), which are polar systems similar 
to those destroyed. On the other hand, bivalent atoms, 
like those of mercury or ziuc, which have two pole*, and 
may, therefore, constitute a complete polar system, each 
by itself, are sometimes found isolated, and form that 
class of molecules, pi-eviously described, in which the 
molecules consist of single atoms. The phenomena of 
quanti valence, also, which are such a characteristic feat- 
ure of what we may now call chemical polarity, have 
their parallel in the phenomena of multiple poles, 80 
familiar in magnetism, and may be caused by the same 
polar force acting through atoms of different shapes, 
and snsceptibility to its influence ; and the fact already 
referred to, that, in the variations of qiiantivalence, two 
bonds always appear or disappear at a time, is a strong 
confirmation of this theory ; for, as has been said, one 
pole imjilies an opposite of equal strengtli, and the two 
must stand or fall together. It would be a further con- 
sequence of the theory that, although atoms of any 
even degree of qiiantivalence (artiads) might become 
isolated in molecules, those of an uneven degree (peris- 
sads) could not ; and this also we find to be true so far . 
as observation extends; but the number of elementary 
substances whose molecular weight has been directly 
determined is comparatively small, and those whose 
molecales are known to consist of single atoms, al- 
though all artiads, are only bivalent. 

Eeturning now for a moment to the simple type of 
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polarity presented by the moleciilu H-Cl, let me cilll 
your attention to the fact tbat the polarity of the ordi- 
nary acid hydrates is but a modified form of the sim- 
pler type, and this will be obvious on comparing the i 
symbol of hydrochloric acid with that of hypochlorona 
acid, from which it differs only by an atom of oxygen : 



You will notice that the atoms fl and CI are the poles 
of both systems, and that the oxygen-atom in the iaat 
is analogous to an armature between two magnetic 
poles, or, perhaps, more closely to a prime conductor 
between two oppositely-electrified halls ; 

© ( - 

H O CI. 

Hj-pochlorous acid illostrates this relation more strik- 
ingly than nitric acid, our previous example of this 
class of compounds, but it is not nearly so stable a sub- 
stance, and has never been obtained in a pure condi- 
tion. Nitric acid differs from hypochlorous acid in con- 
taining a compound in place of a simple radical — 

H-"0-Cl. H-o'-fNOO- 

HypuchlortPiia Add. Nlnio Acid. 

and the presence of compound radicals, often very com- 
plex, in the molecules of all the well-marked acids, ne- 
cessarily increases the difficulty of interpreting their mo- 
lecular stnieture, since the symbols may frequently be 
grouped in several ways withoiit violating the principles 
of quanti valence. Our theory of the molecixlar stmet- 
ure of acid hydrates cannot, therefore, afford to waive 
the important evidence in its favor which has been ob- 
tained from recent investigations, and, as I ani anxious 
to establish it on such a firm foundation that it may be 
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taken as a basis in our further investigations of mo- 
lecular structure, I must ask you to listen patiently to 
the few additional points I have to present. 

The element carbon forms, with osygen, besides the 
compound carbonic dioxide, which we have already 
studied, a second compound, called carbonic oxide, 
which has the symbol C^O. In this molecule two of 
the bonds of the carbon-atom are unemployed, or, 
rather, neutralized by their mutual attraction. Hence, 
these molecules are very much in the same condition 
) the atoms of mercury or zinc, when acting as mole- 
cules, and, like them, the molecule CO can enter into 
direct combination, as a bivalent radical. Striking in- 
stances of such combination are the formation of phos- 
gene gas by the direct union of carbonic oxide with ' 
chlorine gas, under the influence of sunlight, and the 
burning of carbonic oxide, when the same molecnlea 
unite with an additional atom of oxygen to form car- 
bonic dioxide : 



COOIj, or Cl-C-01; 



Now, if potassic hydrate, K-O-H, is gently heated 
1 an atmosphere of carbonic oxide, a slow but regular 
absorption of the gas takes place, and the potassium 
salt of a well-known acid, called formic acid, is the re- 
.ult, and, from a mixture of this s.'tlt with sulphuric acid, 
we can readily distill off the acid itself. Formic acid 
being volatile, we can determine with certainty its 
molecular weight, and, since an accurate analysis is also 
isible, there is no doubt whatever that the symbol 
HjOjC expresses the exact composition of its molecule. 
But how are these atoms arranged 3 As data for solv- 
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ing this problem, we liave, in the first place, the Icnown " 
qiianti valence of the several atoms, and, in the second 
place, a knowledge of the fact, acquired in studying the 
lilienomena of combustion, that, if, in the reaction by 1 
■which formic acid was produced, the two atoms of 
the radical CO had been parted, an enormous absorp- 
tion of heat must have attended tho chemical ehauge. 
But no such thermal eifect, nor any of the phenom- 
ena, which would naturally accompany it, have been 
noticed, and we therefore feel justified in concluding 
that the radical CO exists as such in formic acid, as 
the direct absorption of the gas by caustic potash would 
aeem to indicate. The only qucBtion that remains is, 
how the other atoms are grouped around this radical, 
and tho qnantivalence of the atoms permits bnt one 
mode of groujiing, as follows : 

o 
n-o-o-H. 

In this molecule there are two atoms of t 
one nnited directly to the carbon-nuelcue, the other also 
united to the same radical, but only indirectly through 
the atom of oxygen which intervenes. Now, are both 
of these hydrogen-atoms equally susceptible of replace- 
ment? We find not. K we neutralize the acid by 
potassic hydrate, we obtain the same potassium salt 
which was formed by tlie direct union of the alkali 
with carbonic oxide, and analysis shows that this salt 
contains just one-half as much hydrogen as the acid 
from which it was ftirmed, and, by no metathetical re- 
action whatever can we succeed in replacing the re- 
maining atom. 

Evidently, then, the two atoms stand in very difter- 
ent relations to the molecule ; but which was the one 
replaced ? As to this point, wo have the most conclu- 
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rflive and abundant evidence. We need call, however, 
but a single class of witnesBes. Formic acid is the flret 
of a aeries of volatile acids,.and the molecules of the suc- 
cessive compounds which form the steps of this Berlea 
differ from each sther by the common difference CH;. 
The second member of the series is acetic aeid, which, - 
in a diluted condition, is used as a condiment with our 
food under the name of vinegar. The composition of 
pure acetic acid is represented by the symbol HjOjCn, 
and the molecule of this acid, therefore, contains four 
atoms of hydrogen. But of these only one is replaceable 
— as in formic aeid — and the same is tnie of all the acids 
of this class, although the molecules of the last member 
of the series contains no less than sixty hydrogen-atoms. 
Moreover, acetic acid — like formic acid — contains two 
atoms of oxygen, and two corresponding atoms — and 
only two — appear in the molecules of all the other 
members of the same series. Add now the further 
iact, which will be illustrated more fully hereafter, that 
several of the compounds in the series have been pre- 
pared from formic acid by processes which show that, 
if the radical . 

? 

n-o-c- 

exists in the molecule of this, the first member of the 
series, it must also form a part of the molecules of aU 
the other members, and you will be prepared, I think, 
to answer the question proposed above. The facts stated 
may be almost said to prove that in all these molecules 
one, and only one, atom of hydrogen is united to the 
radical by an atom of oxygen, and this must be the sin- 
le atom which in all these compounds is susceptible of 
replacement. We may, therefore, write the sj-mbol of 
formic acid- fi_o_(con), 
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droxyl, and, for tlie future, we sltall find it convenient 
to employ tliis term. 

In all the examples thus far cited, in illuetration of ■ 
our theory of the molecular structure of acid and alka- 
line hydrates, the molecule haa contained but one hy- 
droxjl (IIO) group, and therefore but one replaceable 
hydrogen -atom. Such hydrates are said to be mono- 
atomic. While, however, the univalent radicals, which 
these compounds all contain, can only bind one 
hydroxyl gi'oup, a bivalent radical may be asBociated 
■ftith two such groups, a trivalent radical with threes 
and BO on. In the resulting compound there will be as 
many replaceable atoms of hydrogen as there are hy- 
droxyl groups united to the radical, and the number of 
these replaceable atoms measures what is called the 
atomicity of the compound. We are now prepared to 
define also the term hydrate, that wc have so frequently 
used in this lecture to designate the class of compounds 
to which all the alkaUes and most of the acids belong. 
A hydrate is, simply, a compound of hydroxyl, amd is 
mtmatomw, diatomic, tnatomio, etc., according as it&m- 
tains one, two, ihiree, or more hydroxyl groups. Let me 
illustrate this important principle by a few examples 
of hydrates of multivalent radicals, beginning with 
those in which the radical is bivalent. 

At the boiling-point, metallic magnesium slowly de- 
composes water, liberating hydrogen gas — 



In this reaction the bivalent atom of magnesium 
binds together two molecules of water to form a mole- 
cule of magnesic hydrate, whose structjire may be rep- 
resented : 

n-O-MjT-O-H. 
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rThe molecule of commoa slacked lime, calcic hydrate, 
has a, similar stractnre : 
Ti 



I 



Tlieee two hydrates are both alkaline, but tliere are 
spending acid hydrates, among which are num- 
bered the two very important chemical agents called 
sulphuric and oxalic acids, whose molecules are Bup- 
poeed to have the structure indicated by our diagrams : 
O 



_0-S-O-H 



-C-O-H 



Blllpbnrio Add. 

Compoimds like the last four are said to be diatomic; 
for there are in each case two bydroxyl groups, and 
therefore two easily-replaceable atoms of hydrogen, and 
this is shown, in the case of the acids, by the fact that, 
when wholly or one-half neutralized with caustic soda 
or potash, they give Iwo different salts, in one of which 
tlie whole, and in the other only one-half, of the hy- 
drogen of the acid is replaced. Thus, we have— 



H-O-8-O-Na 



HjdnAodla BulphUa- 

So also — 



IHsodlc SalpbBte. 



H-0-O-O-O-K K-0-O-C-O-K 

nydropotassic Oinlnla. DlpaUselc Os&ku. 

If, however, we neutralize these dibasic acida with 
mngnesie or calcic hydrates, we can obtain but one 
product, because the bivalent atoms Mg and Ca replace 
the two hydrogen atoms at onco. The salts thus ob- 
tained have the syrubols : 
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"8,0'* O ^0-0-0 

Mugncjik Suljilukte, Colda OxKl&te, 

It may, perhaps, avoid some confuBion to repeat 
here the remark already made, that the position o* 
grouping of the sj-mbols on the diagram is wholly ar- 
bitrary beyond the relations which the dashes indicate. 

Paea next to hydrates which contain three hydroxyl 
groups, and are, therefore, said to be triatomie. Of 
these we shall only cite two examples : 



-0-H H-0-P-O-H 



Phospbaric Acid 

The triatomie character of phosphoric acid is shown bj 
the fact that it can be neutralized by caustic soda in 
three successive stages, and gives three compounds, one 
of which contains no hydrogen, and the others respec- 
tively one-third and two-thirds as much as in the corre- 
sponding quantity of the acid. The names and symbols 
of these salts are as follows : 



This abbreviated form of notation can be easily tmder- 
stood, and requires no further explanation.' It e 
space in printing, and gives all the data required for j 
constructing the graphic symbols. 

Of hydrates containing four hydroxyl groups, there- ] 
fore, tetratomic, the most familiar is silicic hydrate— 



but this substance is very unstable, and hitherto it has ' 



J 



^B be 
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been impoBsible to prepare it of constant composition. 
The instability ia due to a cause ■which is inherent 
in many of the more complex molecular structures. 
Wherever there ie a tendency in tho atoms to groSip 
themselves, so as to better satisfy their mutual a£Bni- 
ties, a slight cause is sufficient to destroy the balance 
of forces on which the existence of the molecule de- 
pends, and the structure breaks up into simpler parts. 
The explosion of nitro-glycerine was a conspicuous ex- 
ample of this principle, and we have, in these complex 
hydrates, another illustration of the same. It ia evi- 
dent, from the very great amoim't of heat evolved in 
the direct union of oxygen and hydrogen gases, that 
tho molecules of water are in a condition of great sta- 
bility, and the hydrogen and oxygon atoms, which are 
associated in such numbers in the molecules of tbe 
more complex hydrates, are constantly tending to this 
condition of more stable equilibrium. Indeed, these 
compounds give off water so readily, either spontane- 
ously or at the slightest elevation of temperature, that 
they were formerly supposed to contain watef, as such, 
and hence the name hydrates (from vhap, watsr), which 
has been retained in onr modern nomenclature, al- 
though with a modified meaning. 

Since the number of oxygen and hydrogen atoms 
in the several hydroxy! groups united to the radical of 
a hydrate must necessarily be the same, it follows tbat 
the formation of every molecule of water must be at- 
tended with the Uberation of an atom of oxygen, and, 
■when a hydrate breaks up, these atoms frequently unite 
with the radical to form compound radicals of lower 
quanti valence. Thus we have formed from the normal 
silicic hydrate, by tho elimination of successive mole- 
cules of water, tlie follo^wing products ; 
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n-0-si-o-u 




Konnnl Iljdrite. First Aohyclride.' Bwund Auhydriae. 

The atoma of oxygen liberated as just described 
may also bind together several atoms of silicon, and 
thus give rise to etiU more complex groups, such a 



n_o-si-o-8i-o-n 



n-O-Si-O-Si-O-Si-O- 



Si(9)Si 



These compoimda may be regarded as formed by tHe4 
coalescing of two or more molecules of the norm^ l*?''''! 
drate, and the elimination from tliese combined mol&-l 
cules of successive molectiles of water as before. Thdif 
following table will illustrate what is meant : 



H* 0, Si 


3{n. 0. Si) 3(n, 


0. Si) 


H, 0. SiO 


It. 0, Si,0 H, 


, 0,0 8UO 


SiO, 


H. 0. Si,0, Hb 


0, SiiO, 




n, Oi si,o. n. 


0. si,o. 




2Sio, n. 


0. SiiO, 




n. 


0, Si.O. 
3SiO, 




iBtionofwntcrh 


1 




i 
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The table miglit be extended indefinitely. It is true 
that not every member of these eerica is even theoreti- 
cally a possible compound ; but, by attempting to write 
the Bj-mbola in the more graphic form, those cases in 
which the atoms cannot be grouped in a single mole- 
, cnle will be readily distingiiiabed, 

"We have in this glass a solution of sodic silicatG, 
■which is commonly called soluble glass. On adding to 
the solution some muriatic acid, you notice that there 
is at once formed a white, bulky, gelatinous mass. 
This is supposed to be the normal silicic hydrate, but, 
when we attempt to wash and dry the substance for 
the purpose of analysiB, it begins to lose water, and 
we have found it impossible to arrest the change at any 
definite point. In the process of drying, the various 
hydrates, whose symbols wg have given, are probably 
produced, but only as passing phases of the dehydra- 
tion, and these symbola would be wholly ideal were it 
not that, on replacing the hydrogen-atoms by metallic 
radicals, we obtain products of great stability. The 
compounds to which I refer are the mineral silicates 
that form so large a part of the minerals and rocts of 
the globe. The two following well-known, although 
not abundant, minerals correspond, for example, to the 
normal hydrate and its first anhydride respectively : 



Mg(g)8i(g)¥g 

Ui^osli Chiysollte. 



'.^9^ 



lUuatoslta. 



and the symbols show that the molecular structures we 
have described above are realized in these natural prod- 
ucts if not in the hydrates. The molecular structure 
of some of our most commoii minerals, such as feldspar 
and garnet, corresponds to tliat of some of the most 
complex hydrates, with radicals consisting ol several 
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Eilicon-atoms ; bnt, we shall nnderstand better tbe man- 
ner in whieb tbese highly-complex molecules are built 
up, after we have become acquainted with a remarkable 
liexatomic hydrate, whose wcli-martcd eexivalent radi- 
cal plays a very important part in their structure. 

No definite pentatomic hydrate is known, but of 
hexfltoniic hydrates there are several noteworthy ex- 
aiuples. The one refeiTcd tci in the last paragraph is 
tbe hydrate of aliiminura. The normal hydrate of tbia 
element, and the several anhydrides which may be 
formed from it by the elimination of successive raole- 
enles of water, are all well-defined mineral subetances. 
The following table shows the relations of these com- 
pounds to each other, and also to certain other mineral 
substances in which the hydrogen-atoms have been re- 
placed ; 



It would be interesting to represent in a graphic fomtl 
these moleculep, but I can leave this to your own Btndy,C 
and close my illustrations of the subject with two < 
three examples of the very highly-complex molecnlar'l 
structures which the salts of aluminum present, and ial 
which the mode of atomic grouping is less obvious : 



-0-Al-Al-O- 
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CT- Al-Al ~C 
00 00 



-AJ-AI-O-Hi-0- 



Feiaspar (Orthoelase) 



^^ In arranging these symbols for our diagrams, wc natu- 
rally seek a symnietrieal disposition ; but it must not be 
forgotten that every thing beyond the number of atomic 
bonds, and the relative position which the dashes indi- 

■ cate, is purely arbitrary. 
I have dwelt at this length on the theory of the 
aeici and alkaline hydrates, beeanse it is just here that 
the distinction between the new-school and the old- 
school chemistry chiefly appears. The dualistic theory, 
which originated with Lavoisier, and was extended and 
'illustrated by Berzelius, was based on tho very class 
of facts we have been studying in the two preceding 
^^ lectures of this course. At the time of Berzelius, the 
^^L elements, the acids, the alkalies, or bases, and tho 
^^1 large class of componuda called salts, made up veiy 
^^M nearly the whole of chemistry, and, of the facts then 
^^1 tnown, the dualistic theory gave a satisfactoiy oxplana- 
^^H tion. It was the natural outgrowth of the discovery 



I 
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of oxygen gas, that universally-diffused element with 
' wliicli all other elementary substances combine, and of 
whose compounds almoBt tbe whole of terrestrial Nature , 
consists, Lavoisier infen-ed that oxygen must be the ■ 
chemical centre in the scheme of Nature, and he there- J 
fore made its compounds the basis of a new classi^co^ f 
tion, which, subsequently, Berzelius greatly systema- ' 
lized and improved. In this classification the com-i 
pounds of the elements with oxygen were divided into I 
two classes : Those which, when dissolved in water- 
combined ynth it we should now say — gave an acid re- 1 
action, were called acids ; while those which, under tho I 
same circumstances, gave an alkaline reaction, wore I 
called bases. It was known then, as well as now, that I 
these reactions could not be obtained without the prea- 1 
ence of water, and that the larger part of the oxides, f 
being insoluble in water, do not give the reactions at ] 
all ; but, then it was supposed that the water acted 1 
only through virtue of its solvent power, that some 1 
other solvent would do as well, and that the insoluble ^ 
oxides would give the same reactions if only an appro- 
priate solvent eould be foimd. Hence, these insoluble 
oxides were classed with the acids or bases, according 
as they combined most readily with bases or acids re- 
spectively. The inaolublo SiOj combined with soda, 
like the soluble SOg, and hence was classed with it as J 
an acid. So the insoluble FeO combined with sulphn- 
ric neid, like the soluble CaO, and hence was classed I 
with the last as a base. Again, the neutralizing of an I 
acid by an alkali had all the appearance of direct combi- ' 
nation, and, in all these processes, the acid oxide waaafi- 3 
sumed to unite with the metallic, or basic, oxide to form ■■ 
what was called a salt. The presence of the water, ani | 
the fact that it facilitated the chemical change, wero not J 



^^^ what waf 
^H the fact t 
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ignored, but, as before, it was supposed to act in virtue 
of ita solvent power, and a sufficient number of cases 
were known where tlic same compounds could be ob- 
tained witli and without the aid of water to render this 
opinion not improbable. Take a single example ; Phos- 
phate of lime may be made in two ways : first, by add- 
ing to a solution of lime in water a solution of phos- 
phoric acid : 

(8Cii=0.=n. + 2H^0s=P0 + Aq.) = 

Caa"0."(PO)= + (GH-O-H -I- Aq.). 

Secondly, by uniting hme, the oxide of the metal cal- 
cium, directly to PjOa, the oxide obtained by burning 
phoephoms (page 1S5) : 

8CaO + PiO. = SCnO.PiO^ or Oa.*'0«"(PO),. 
In the last reaction there is no water present, and the 
fii'st reaction was formerly supposed to be a case of 
similar direct union between CaO and PaOj, the only 
difi'erenco being that the two oxides were in solution : 

3(C20,naO) + 3n,0,PiO. = 3CaO,P,0. + 6n,o. 
Accordingly, it was customary to write the symbols 
as in this last reaction, separating the acid from the 
basic oxide by a comina. Ilcre are a few other exam- 
ples : 

CaO,SO, FeO,SO, ZnO.NsOs. ' 

Bnlphats of Lime. Sulpbotoof IiOD. Nitrate of Zinc 

Aa expounded and illustrated by BerzeliuB, the 
dualistic theory had the charm of great simplicity, and 
was greatly strengthened by the electro-chemical facts 
which he brought forward in its support. The division 
of the elementary substances into electro-positive and 
electro -negative elements corresponded very closely to 
To avoid confusion, all our symbols atand for tlie new atonic 

;ht9, and this must be reoiembered in camparicg these formuln with 

c in the old booke. 
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the distinction between metals and tnetalloids. Bages^ 
were compounds of electro-positive elements with oxy- 
gen ; and acids, on the other hand, the oxides of electro- 
negative elements. Again, among these binary com- 
pounds the basic oxides were electro-positive, and the 
acid oxides electro - negative. Moreover, the -wider 
apart in their electrical relations, the eti-onger was seen 
to be the tendency of both the elements and of their 
oxides to combine, and, just as the metals united to 
metalloids, so bases united with acids. Thus was formed 
the class of ternary compounds, called, as above, salts.* 
Among these, also, could he distinguished a eiinilar op- 
position of relations, although less marked, to that be- 
tween bases and acids, and, from the union of two salts, 
resulted the class of qnatcmary compounds, or double 
salts. In this way tlic tbeoiy advanced from element- 
ary substances to the most complex compounds through 
the successive gradations of binaries, ternaries, and qua^ 
ternaries ; the elements or compounds only combining 
with substances of the same order, two and two togeth- 
er, like two magnetic poles, or two electrified bodies. 

This dualistic theory was certainly a most admira- 
ble system, and served the purposes of a rapidly-grow- 



n chomiatrj very early to describe any 
LtenuUlf common salt; bnt, nuder the 
to bo appliFrd to that class of compounds 
ed bj the ntiinD of basic and acid oxides. 



' Tlie word lall was u«ec 
saline substance reaembling 
dualistic system, the temi cue 
whicb were Buppoecd to be fo 
OS deaeribed above. Absurdly enough," however, 
ruled out of the very class of compounds of wMcli il had previously been 
regarded as the type, and Beraeliua, in Ms electro -eh emical classieentioti, 
niide a distinct family of those substances wbicb resemble cammon salt 
in their chemicul composition, and called it the haloids. But this nsma 
— boiliea rcKm'ilii!/ m// — only rendered the anomaly the move glaring, 
and it was always a blotnish on the daalistic system. In the modem 
chemistry, the word sail, although stDl used as a descriptii 
uo technical meaning. 



I 



>u ^^ 



^H in; 
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I ing eeience for more than half a century. Wo now 
f feel assured that tlie old theory undervalued essential 
circumstances, and ruisinterpreted important facts. "We 
maintain that hydrogen is an essential, not an accident- 
al constituent of all acids and all alkalies, and that, 
I when the alkali is neutralized by the acid, the reaction 
i consists in the replacement of this hydrogen, and not 
t in 'the direct union of two oxides. NevertheleSB, given 
the old facts, the old theory was logical and coneistent, 
and it ia no longer tenable, not because the old facts 
have clianged, but simply because a whole new order 
of facts has been discovered by whrch the old facts must 
be interpreted. Dui-ing the last twenty-five years there 
has been discovered a great mass of truths, connected 
chiefly with tho compounds of carbon, in what was for- 
merly called the domain of organic chemistry, and this 
* 18 to-day the most prominent and attractive portion of 
r science. Moreover, the law of Avogadro and the 
1 doctrine of quantivalence are two new principles which 
I onr modem science has added to the old ebemistry, and 
I these principles have supplanted the dualistic theory. 
Let ns not, however, undervalue tho old theory. It 
?aa an important stage in the progress of science, and 
noble product of human thought. Theories are 
I means, not ends ; but they are the appointed means by 
' which man may raise himself above the low level of 
merely sensuous knowledge -to heights where his intel- 
Jectual eye ranges over a boundless prospect wliich 
it is the special privilege of the student to behold. 

I What though his vision be not always clear, and his 
imagination fill the twilight with deceptive shapeff 
wbicli vanish as the light of knowledge dawns ; yet, 
to have enjoyed the intellectual elevation, is reward 
enough for all liis devotion and all his toil. 
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ISOMEEISM, AND TDE SYNTHESia OF OKGAKIO COUPOUITDS. J 



Havoo, in the previous lectures of this eoQTBe, made J 
joii familiar with the conception that the molecules of 
every euhstance have a definite atomic structure, which 
is a legitimate object of scientific investigation, I f 
deavored in my last lecture to illustrate, by numerous I 
examples, the mode now generally employed in chem-. 
istiy of exhibiting this structure by means of what are | 
called structural formnliE, and, during the whole course 
of these lectures, it has been a chief object to develop 
the fundamental principles on which these formulse are 
based, in order that, having reached this stage, yon might 
be able to see for yourselves that they were legitimately 
deduced from the facts of observation. I have freely ad- 
mitted that they were the expression of theoretical eon- 
ceptions which we could not for a moment believe were 
realized in !N"ature in the concrete forms, which oux dia^ , 
grams embody. But I have claimed that they were at 
present our only mode of representing' to the mind a 
iargo and important class of facts, and were to be val- 
ued as the first glimpses of some great, general truth, 
toward which they direct our investigation. Theories 
are the only lights with which we can penetrate the 



^^r obscurity 
^^1 just so 
^- to lead ir 



ORGANIC COMPOUNDS. 



I 



obscurity of tlie untnown, and they are to be valned 
just so far as they illuminate our path. This ability 
to lead investigation is the only true test of any theory, 
and it will be my object in this my last lecture to show 
that the modern cliemical theory of molecular struct^ 
ure has a claim to be regarded as one of the most val- 
uable aids to discovery which science has ever received. 
The illnstrations of molecular structure thus far 
studied have been mostly taken from those classes of 
compounds long Imown in chemistry under the names 
of acids, bases, and salts, and they were selected be- 
cause it was with such substances that the old theory 
had almost exclusively to deal, and they were therefore 
the best adapted to illustrate the differences between 
the new and the old chemistry. Cut, as I have already 
said, the strongest evidence in favor of the new theory 
is to be obtained from a class of substances about 
which the old chemistry knew almost absolutely noth- 
ing, and whoso number has been enormously increased 
during the past twenty-five years. Indeed, the modern 
theory is so completely the outgrowth of new discov- 
eries that, given alone the old facts, the question be- 
tween the old and the new theories would be at least 
of doubtful issue, even if the new could ever have been 
conceived. The class of substances to which I refer 
are the compounds of the elementary substance car- 
bon. The number of knowti compounds of this one 
element is far greater than that of all the other 
elements besides, and these compounds exhibit a 
great diversity in their raolecidar structure, which is 



I 

I 

I 

^^H great diversity in their molecular structure, which is ^h 

^^H often highly complex. As a rule tliey consist of a ^H 

^^H Tery few chemical elements (b.esides carbon, only by- ^^M 

^^H drogen, oxygen, and nitrogen), but the number of ^H 

^^H atoms united in a single molecule may be very large, ^H 



w 



eomctlmes even exceeding one liundred. Carbon : 

l»eciiljarly Uie clenifnt of tbe organic worlJ, for, leav- ' 

iug out of view tlie great mass of water which liv- 

iug beings always contaiD, organized material confilsts I 

almost exclusively of carbonaceous componnds. Heace'l 

these substances, with the exception of a i'ew of the 1 

simplest, were formerly called organic compounds, and | 

in works on chemistry they are usually studied to- ] 

gether under the head of organic chemistry. It waa J 

formerly supposed that the great complexity of theso 1 

substances was sustained by what was called the vital | 

principle; but, although the cause which determini 

the growth ol' organized beings is still a perfect mys- ] 

tery, we now know that the materials of «'hii-h they 

consist are subject to the same laws as mineral inat- 

Itcr, and the complexity may be traced to the pe- 
culiar qualities of carbon. In lite msnner the notion 
that these so-called organic substances owed their ori- 
gin to some mysterious energy, which overruled the 
ordinary laws of chemical action, for a long time pre- 
cluded from the mind of the chemist even the idea 
that they could be fonned in the laboratory by purely 
chemical processes ; so that, although the analysis of 
these compounds was easily effected, the synthesis was 
thought irapoEBible. But within a few years we have 
succeeded in preparing artificially a very largo number 
of what were formerly supposed to be exclusively 
organic products ; and not only this, but the processes 
wc have discovered are of such general application that 
we now feel we have the same command over the syn- 
thesis of organic, as of mineral substances- The chem- 
ist has never succeeded in forming a single organic cell, 
and the whole process of its growth and development is 
entirely beyond the range of his knowledge ; but he 
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^^B lias every reason to expect that, id the no distant future, 
^^H lie will be able to prepare, in his laboratory, both tlie 
^^1 material of which that cell is fashioned, and the variouB 
^^M products with which it becomes filled during life. 
^^M The number of elements wliich enter into the com- 

^^^ _ position of organic compoundB being bo restricted, it 
^^B is evident that tlio immense variety of qualities which 
^^H they present cannot be referred solely to the influence 
^^H of the simple i-adicals which they contain.' Moreover, 
^^M there appears among these organie substances a most 
^^B - remarkable phenomenon, which, although not unknown 
^H^ in the mineral kingdom, is peculiarly characteristic 
of these complex compounds of carbon. "We are ac- 
quainted with a large number of cases of two or more 
wholly difl'erent substances having exactly the same 
composition and the same vapor density. Ilere, foi- 
esample, are two such substances : 

The first, butyric acid, is an oily liquid with whose 
smell we are only too familiar, since, when fonned in 
i-iineid butter, it imparts to this article of our food its 
peculiarly offensive odor. But, though, as the odor 
shows, it must slowly volatilize at the ordinary tem-. 
perature, it does not boil lower than 156° C, and does 
not easily inflame. ^Further, as its name denotes, it 
has the qualities of an acid, reddeniug litmus-paper, 
and causing an effervescence with alkaUne carbonates. 

Utterly different from this offensive acid -is the sec- 
ond substance, which we call acetic ether, a very lim- 
pid liquid, with a pleasant, fmity smell, highly volatile, 
boiling at 74° and inflaming with the greatest ease. 
Notice, also, that it does not in the least afiect the 
colors of these sensitive vegetable dyes. 

Yet, butyric acid and aeetic ether have exactly the 

1 Compare pages 243 and 262. 
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compOBition, and the same vapor density. The ■ 
Iwtli of actual elicmicnl analysis and of the 
idetormiuatlun of vapor density are given in tliis dia^ 
gram, and the figures obtained in the two cases do 
not differ more than we should expect the results of 
different analyses of the same substances to differ ; for 
it must be remembered that, in such experimental 
work, we can only attain a certain degree of accuracy, 
and that we may disregard all variations which are 
within the limit of probable error : 

Analt/»ei of Imi 
B; Otaniwoig. 

Batyrio Aciil— - 

Carbon 54.51 

nydrogcn 0.28 

Oxygen 30.23 

100.00 



Sp.Gr 

Molec. weight. . 



By Lleblg. 

Acctio Ether — 

Carbon G4.4T 

Hydrogen B.67 

OsTgen 35.8fi 

100.00 
44.1 



By Bdulbj iD^l 

Sp. Gr 

Molec. weight. 



If, now, from these experimental results, we come 
to calculate the symbols of the two substances, accord- 
ing to the method I have bo fully described, we shall 
obtain in both eases precisely the same formula, CiHa02, 
and it must, therefore, be that the molecules of these 
two substances contain the same number of atoms of 
the same three elements, carbon, hydrogen, and oxygen. 
Here, then, we come face to face with a most remarkable 
fact. For, to affii'm no more than can be absolutely 
demonstrated, this pleasant odor of apples and this dia- 
guating smell of rancid butter come from substances 
consisting of the same elements united in the same 
proportions. What, then, can be the cause of the dif- 
ference! Wo cannot allow such a fundamental fact as 
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this to p!ias iinchallcngod. It ia evident that there is 
an all-importRiit condition which has escaped onr ele- 
mentary iinaljsis. The circumstances demand investi- 
gation, and it would he a disgrace to our science not to 
attempt to answer the question. Can you wonder, 
then, that, for the past ten years, a great part of the 
intellectual force of the chemists of the world has been 
applied to tlie problem, and in this coni-se of lectures I 
have been endeavoring to present to you the result 
tliey have readied. The answer they have obtained 
B, that the difference of qualities depends on molceu- 
ar structure, and that the same atoms arranged in a 
different order may form molecules of different sub- 
stances having wholly different qualities, Uut they 
have gained more than this general result, 

These isomeric compotmds, as we call them, when 
acted on by ciomical agents, break up in very different 
ways, and, by studying the resulting reactions, we are 
frequently able to infer that certain groups of atoms 
(or compound radicals) are present in the compounds, 

I because wo know that they exist in the products which 
these compounds respectively yield ; our knowledge of 
the structure of these very radicals probably depending 
on yet other reactions, by which they again may be re- 
solved into 6tiU simpler groups. 
Thus, for example, if we act on acetic ether with 
pbtassic hydrate, we obtain two products, potassic ace- 
tate and common alcohol. Now, we know that alcohol 
has the symbol C2H5-O-H and contains the radical 
CjHj, which we call ethyl. Further, we know that 
potassic acetate has the sj-mbol K-0-(CjHjO) and con- 
tains the radical CsHgO, "which wo call acetyl. Hence 
we infer that the ether contains both of these groups, 
aud that its symbol must be CsHs-O-CjIIaO. The reac- 



I 
I 



tion obtained with potaesic hydrate is, then, seen to'i 
coDSiBt iu a simple mctatlieais between K and CjHs. 

c,n,-ocn,o ^ c k-o-c=h,o 



Passing next to the radical ethyl CaHj, we can Bhow 
that it may be formed in a compound whicli contains 
the radical CH3, called methyl, by suhstitnting for one 
of the hydrogen -a to me of this radical another group of 
the atoms CH,, thus : 



n 



First Multijl Coidtnund. 



Becond MMbrl Oompoimd. 



H H 



Hydrogen ComjKnina. 



In this assumed reaction the terminnl hydrogen- 
atom of the iirst methyl compound changes place with 
the methyl radical of the second, thus producing the 
compounds in the second column. Such a reaction can 
actually he produced with a variety of substances, and 
these symbols may be supposed to stand for any of the 
Bubstanees between which the reaction is possible. We 
use X and Y, instead of writing the symbols of definite 
compounds, in order to confine the attention to the 
change which takes place in the I'adieal alone. 

In reactions of this kind wo form the radical ethyl | 
in such a way as to leave no doubt wliatever in 
to its structure, and in a precisely similar way v 
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■ worked out the Btnicture of acetyl. We represent the 
structiu-e in the two cases thus : 

n n OH 

TI-O-O- -0-C-H 

U TI H 

ElUyL AcBlyl. 

Hence we conclude that the structure of a molecule 
of acetic ether should be represented as follows: 

n n on 

H-6-C-0-C-0-U 

n I'l n 

Moreover, since we arc led to the same result, whether 
wo study the reactions by which the ether may be pre- 
pared or those by which it may be decomposed, we feel 
great confidence in our result. 

If, now, wo act on butyric acid, the isomer of acetic 
ether, with potassic hydrate, the same reageut as before, 
wo obtain wholly different products. Theyaro potas- 
sic bntyrato and water; and here the knowledge of 
acids, bases, and- salts, which we obtained at the last 
lecture, comes in to help us interpret the reaction. It 
must be simply as follows : 



I 



K-o-n 

Potasalc nydntij. 

Evidently, then, hnt_\Tlc acid, instead of containing the 
two radicals CjIIj and OjHgO, lil^e acetic ether, contains 
the more complex radical CjH^O, and the simple radi- 
cal 11. 

Cut, although the last reaction shows that butyric 
acid contains the radical C,IIiO, it gives us no iiifor- 
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niAtion in regard to the grouping of tlie atoms in tlie^ 
radical. Of course, we have sought to discover wliat 1 
the structiiro is, and tho result of the investigation is 
most remarkable, for it appears that there arc two dif- 
ferent radicals liaving the same composition and corre- 
sponding to two distinct varieties of butjrie acidj which 
differ in their odor, their boiling-point, and other quali- | 
tics, and, further, various reactions show that the atoms i 
of the radicals are arranged in the two acids as the fol- 
lowing formulte indicate : 



I 



t n H n 
_o-o-o-n 



o n-o-n 
n-o-o — o-H 



There are, tlicrefore, at least three auhstaneea having 
the composition C4Hg02, 
, Now, bj studying in a similar way tho whole scheme' 

»of carbon compounds, and connecting by reactions tha 
more complex with the simpler, it has been found pos- 
sible, in a very large number of instances, to deter- 
mine the manner in which tlie atoms are gronped in 
the respective molecules, and thus to show what the 
variations of structure are which determine the differ- 

Ience of qualities in these isomeric bodies. Moreover, 
having discovered how the atoms are grouped, it has 
been found possible, in many cases, to reproduce the com- 
pounds ; and, more than this, chemists have frequently 
been led to the discovery of wholly new bodies, isomeric 
with old compounds, by studying the possible variations 
of the structural symbol. This last fact has such an im- 
portant bearing on our subject, tending greatly to sub- 




r 



I 
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stantiate the general truth of our theory of molecular 
Btrueture, that a few illustrations will be interesting. 
One of these we have already seen, for tte isomeric 
modification of butyric acid, we have just been dis- 
cussing, was foreseen by theory before it was discov- 
ered, and it is, therefore, an example in point, but 
there are many other eaBSS of the kind which are 
equally remarkable- 
Butyric acid is tlie fourth body in that sericB of 
volatile acids before mentioned (page 2T7), of which 
formic and acetic acids are the first and second mem- 
bers. It was then said that the molecnles of these acids 
increase in weight by successive additions of CHj as 
in the scries, and it has been shown since 



n n 

(page 290), that the radical ethyl, -O-C-H, may 1 



derived from methyl, -C-II, by replacing the terminal 
li 

j H by another methyl group. It is obvious that this 
H H H II n 

process repeated on -0-0-H would give -0-0-C-H, 

I'l n n li H 

and that tlie result of successive replacements of the 
Barae kind would be a series of hydrocarbon radicals 
■ differing from each other by CHa like the volatile acids 
L mentioned above. Furthermore, it is equally obvious 
] that, theoretically at least, the same process might be 
I applied to any compound containing a hydi-ocarbon 
I radical ; and yon will not be surprised, therefore, to 
I learn that there are many series of carbon compounds, 
[ between whose members we find this, same common 
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difference. Bodies so related are said lo be the I 
logues of eacli other ; and of these homologous series 
so called, no one has been more earefuUj studied t 
that of the volatile acids, of which nineteen membei 
are known. 

Now, it is obvious that, as the hydrocarbon mdtct 
in the series of volatile acids inureiiees in complexity, 
the possibilities of varying the atomic grouping in- 
crease also. Next to butyi-ic acid, CJI^Os, comes va- 
leric acid, CbKiqO,, and, while we had only two bntyrie 
acids, we can have four valeric acids, whose molecular 
atriicture is indicated by the following symbols : 



o n n n ii 
n-o-o-o-c-c-c-u 



o n n-o-u 



o H-o-u n 



o n-o-H n n 
11-0-6 — G — c-c- 

R H n 

Tliinl laotaiiiric itia. 



Of these possible modifications of valeric acids, -I 
pohitcd out by theory, the first three have already been J 
identified in the investigations to which the theory led, 4 
and the discovery of the fourth is probably only a qneSr i 
tion of time. Examples similar to this are already n 
merous and are rapidly multiplyiug, but I have only 
time to cite one other instance. 
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A compound called cyanic ether has long been 
known, and its symbol was always assumed to be — 

(CHO-O-OF, 
after the analogy of the other ethers ; that is, it was 
assumed to contain the compound radicals, ethyl, CjHj, 
and cyanogen, CN, united through an atom of oxygen. 
But, aB is obvious, we may, without changing the radi- 
cal ethyl, group the otlier atoms thus : 

(Cgn>)-N^C=0, 
and, on eearching for this substance, an isomer of the 
supposed cyanic ether was actually obtained, and called 
cyanetholine. Very singularly, liowever, further inves- 
tigation proved tliat the new compound was the real 
cyanic ether, and that the old one had the coDstitution 
represented by the last symbol. Evidently, then, we 
are not infallible ; but the very mistake Las been in- 

Istructive ; for, in detecting and correcting the error, 
we have the more clearly shown that our methods aro 
trustworthy. 
I hope I liave been able to give some general no- ^H 

tions of the manner in which we have obtained our ^H 

knowledge of the grouping of the atoms in the com- ^H 

pounds of carbon. More than this cannot be expected ^H 

in a popular lecture ; for, so interwoven is the web of ^H 

evidence on which the conclusions are based, that, to ^| 

enter into full details in regard to any one of the more 
complex compounds, woidd be wearisome, and the work 

is much better suited for the study than the lecture- 

^^L room. Indeed, I fear that I have already imposed too ^H 

^^H great a bnrden on your patience ; but, if you have foh ^H 

^^H lowed me tlius far, yon will be interested in some of ^H 

^^H the results which we have reached, and wbich you arc ^H 

^^B now prepared to understand. I must necessarily pre- ^H 
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sent tliese results as they have been fomralated by our 
theory of atomic bonds ; for, without the aid of thGE&' 
fonniilffl, we cannot either think or talk clearly about 
the Bubjcct. 

The one characteristic of carbon on which the great 
complexity and variety of its compounds depend is, the 
power which its atoms possess of eomhining among 
themselves to an ahnost indefinite extent. As a rule, 
chemical combination takes place readily only between 
dissimilar atoms. It is true tliat we have met with 
many examples of the union of similar atoms, as in the 
molecules of several of the elementary gases, like — 



?&^^^^| 

"■^ 



n-n ci-oi 

tif draecD Gas. CUortas Gu, 


0^ 

Oiygei 


^0 N^N 

1 Gu. Hlttogen Oi 


So; also, in the eompounds- 


- 




Cl Ci 







Cl-Fe-Fe-Cl 
01 CI 


and 


Al-AJ 


and likewise in 

Cl-TTs-nfi-Cl 

Merconms Chloride. 


and 




Crt-Cn 

CnproDB Oilde— 



two atoms are united by a single bondj forming a bi- 
nary group, which is the radical of the metallic com- 1 
pound. But, in all these eases, the power of combinar ^ 
tion is very limited, admitting the grouping together 
of only a very few atoms at the most, and generally of 
only two. The carbon-atoms, however, not only unite 
with each other in large numbers, but form groups of 
great stability, which, in organic compounds, take the. 
jilace of the elementary radicals of the mineral king- 
dom. Let us begin, then, by constructing these radi- 
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.O 






I 

O <=> O \ <S* O II ^ I 



O 






/ 



I 



\^/ 



O . v^./0 



o MM 0<N| -O-^O- l«0 Boo I 



\ 



I I 






r' -o- .^)o/ . )?( / )o>( / )?/?'?< 



I 

I -O- 

-D- I 

I -o- 

-O- I 

I -o- 

I -D- 

-o- I 

I -o- 

-o- » 

I -o- 

I . 







1 


1 




1 


-D- 


1 


1 


-o- 


1 


-Q 


^-O- 


<o 1 


OO-Q — 


S 1 


1 


-o- 


1 


-o 




1 


-o- 


1 






1 


-o 
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The carbon -atoms being quadrivalent, they may 
unite with caoh other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
are thus closed, the less will evidently be the com- 
bining power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 

the previous page. It is evident that this table 
might bo extended indefinitely, but the number of 
terms given is sufficient to illustrate the simple rela- 
tion between the several radicals thus formed. Each 
group of carbon-atoms can have a maximum qnantiva- 
lence of 2n -|- 2 (the letter n denoting the number of 
carbon-atoms in the group), and from this maximum 
the quantivalence may fall off by two bonds at a time 
nntil it is reduced to zero. Thus we have for the six- 
atom group a maximum of 14 ; but the same group 
may also have a quautivalence of 12, 10, 8, 6, i, or 2. 

The symbols, however, given in the table do not by 
No. 1. 



-0-0- 0-0-C- 



II y \ ^ •- -0-0, I 

-0- ' ^0- 

I ^ \ I 

any means exhanst the possibilities of combination 
■with the given number of carbon-atoms ; for further 
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Tariationa may he obtained by changing tbe relative 
position of tlie atoms while retaining tlie aanie quan- 
tivalenee. Thus, the radical (Cj)'" may be constructed 
in the several ways shown in diagram Iso. 1, and, al- 
■4hough the several radicals thus obtained contain tbe 
same number of atoms, and have the same quantiva- 
lence, they are fundamentally different. Tbe dift'er- 
ence consists, not in tbe mere grouping of the letters 
on the page, which is purely arhitraiy, but in the 
fact that, while in 1 no carbon-atom is united with 
more than two- others, in 2, one of tbe atoms is united 
with three others, and, in 3, with four. As the num- 
ber of atoms in the group increases, the number of 
possible variations must necessarily become very great- 
ly augmented. Moreover, when some of the atoms are 
united by double bonds, a variation may be obtained 
by shifting the position of this double bond as well 
its by varying tbe position of tbe atoms with respect 
,to each other. This is illnetrated by diagram No. 2, 
■which shows tbe possible forms of the group (Ci)*^'. 
It is unnecessary, however, to multiply illustrations; 
for it is evident that a great multitude of radicals may 
be obtained with even a very limited number of car- 
bon-atoms, and to attempt to exhaust the possibilities 
would be an endless task. Some of my audience, how- 
ever, may be interested to study the subject further, 
and I would, therefore, set them as a problem to find 
tbe number of possible combinations which can be 
made with a group of six carboii-atoms, having a quan- 
tivalenee of twelve. Such investigations are not with- 
out their profit ; for, although many of tbe possibilities 
may not be realized in Nature, yet the practice will 
_ ive a clear idea of what is meant by an essentially dif- 
^jferent straeture. It may hereafter appear that changes 
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of position corresponding to the upper and lower, or 
tlie left and rigLt liaiid sides of oitr diagram, constitute 
really esBcntial variations of struptnre ; but, altboiigli 
tlierc are some facts looking in this dii'oetioa, we do 
not as yet admit that any such differences are of im- 
portance, and we regard any two groups as tlie same 
when, by any cliangc tliat does not alter the relative 
order of tlie atoms, or the number of bonds by wbicli 
they are united, the two can be made to coincide thus : 

Y-0 
,and C- the same 



-0- 



-0- 



-O-C-C-isthesamcas-C-O-C 



g-c 

as 0, bnt not the same a 



0-0 



0-0 



The radicals thus formed may be regarded as the skel- 
etons of the organic eompocnda: These carbon-atoms, 
locked together like so many vcrtobne, form the frame- 
worli to which the other elementary atoms are fastened, 
and it is thus that the complex molecular structures, 
of which organized beings consist, are. rendered possi- 
ble ; moreover, when we remember tliat, while the ele- 
mentary substance carbon is a fixed solid, the three 
elementary substances, oxygen, hydrogen, and nitro- 
gen, with which it is usually associated, are permanent 
gases, this analogy of the carbon-nucleus to the skele- 
ton of the Tprtebrate animal becomes still more strik- 
ing. 

Having thus shown how the skeletons may be 
formed, let us next see how these dry bones may te 
clothed. In order to illustrate this point, I will sira- 



PETKOCEITMS. 313 

■ply take two of the numberless carbon-radicals, which 
are theoretically possible, and show how from them a 
set of familial- organic products can ho derived. Let 
the two be the radicals represented in this diagram : 



To etich carbon -skeleton 5 a large nnmher of different 
elementaiy atoms and compound radicals can be attached 
by various chemical proeesses ; but the number of those 
usually met with in organic compoands is very limited, 
and only the follomng will be considered in this con- 
nection, namely : 



Is. 



O^ 



n-, -o--, ir-o-, 

IlTilrosen. Oifsisc, U^dnnyL AmldDgcn. Nltrjl' 

Indeed, hy doubling this nnmher, we could obtain the 
materials for eonstrneting nearly the wliole scheme of 
modem organic chemistry. 

Beginning, then, with the nucleus'-C-O-C-, let us, 
in the first place, satisfy all the open bonds with hydro- 
gen-atoms. The result is — 

n H n 
■ n-c-0-o-n 



a combustible gas, which is found mixed with numer- 
ous other compounds of the same class in our petrole- 
um-wells. Propyl hydride is the third in a series of 
liomologoue compounds, of whicli no leas than nine 
have been identified in our Pennsylvania petroleums. 
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Uethjlio hydride II, Gob. | 

Ethylio hydrldo C,U, " 

Propjiio bjUride C,n, " 

Butylic hydride C.IIn. 33° 

Amy lie hydride CiIIu 86° 

Ilexylic hydride C.U,, 142° 

Ueptylio liydrido C,U,. 1!14:° 

Octylio hydride CJI.s 247° 

Nonylio hydride CUn 303° 

Tlie dingrftm, above, gives their names and boiling; 
points. Our common kerosene is cliiefly a mixtni-e 
of Lexylic and lieptylic hydride, and the light naphthas 
a mixture uf amylie and hexylie liydrides. IRotic^^H 
here, again, the common difTerencc, CIIj, between th^^^f 
symbols of any two consecutive members of this serie^^H 
uf hydrocarbons. ^^^| 

If, next, we substitute an atom of oxygen for tw^^^| 
ol' the liydrogen-atoms which, in propylic hydride, ai|^^| 
united to either of the terminal atoms of the carbon- 
nucleus, wo obtain a eompoimd called propjhc alde- 
hyde. Thid is a member of another series of homo- 
logues, parallel to the last, and of which nearly as many 
members are known. The aldehydes, as these bodies 
are all called, have very striliing and characteristic qnal- 
ities ; and these qualities ma^ be, to a great exten^ 
traced to their pecuhar molecular structure. If ^ 
only make so small a change as to transfer tlie OKjget^^ 
atom from the terminal to one of the central atoms of 
the carbon-nucleus, we obtain a class of compounds 
which, til ough isomeric with the aldehydes, have wholly 
different qualities, and are called ketones. The keton^^H 
isomeric with propylic aldehyde is called acetone : ^^H 
n n o H o H ^^M 

n-o-o-o-H u-o-c-o-n ^^M 

n H n n ^^| 

Fropj'llo Aldehj-de, Acetone. ^^^^H 



^K 97 
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Going baelv a;pin to the hydrocarbon, C^Hg, and 
replacing eitb'er of the terminal hydrogen-atoms by 
tlio radical liydroxyl (-O-H), we obtain one of a veiy 
important class of compoinids, called alcohols. 

H n n II H 11 

n-c-c-c-n n-c-c-o-o-n 

. n IT IT H li 11 

PropjUc nydrids glvaa PtopjUo AlcohuL 

Propylic alcohol is the third member of still another 
[ fleries of homologous compounds, of wliich our common 
' alcohol ia the second member. 

. Korrnal Akohoh. 

Met!) jlic nloohol (wood-apirJt) n. -O-H 

EtLjUc alcoliol {common alcoLo!) C, II, -O-II 

Propylic alcohol C, H, -O-H 

Butylio alcohol C. H, -0-TI 

Amylio alcohol (fusol-oii) Ci Hu-O-Il 

ITesylic akoliol C. Tl^.-O-n 

neptylio alcohol C, IT-.-O-II 

Octyiio alcohol c, n„-o-n 

The structure of the alcohol may obviously be 
varied, like that of the aldehyde, by transferring tbo 
hydroxyl from the terminal to one of the central atoms 
of the carbon-nucleus ; but wc thus, as before, obtain a 
wholly new set of substances, ■which, although resem- 
bling the normal alcohols in many respects, differ from 
them in important particulars. There is, for example, 
an isopropylic alcohol, which is isomeric with the nor- 
mal propylic alcohol, and, like it, resembles externally 
common alcohol. Eut the pseudo-alcohol, as we call 
it, boils at S5° Cent., while the normal alcohol boils at 
97°, and, when acted on by chemical agents, yields 
wholly different products : 



I 
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n-a-0-c-o-n 



n_o-c-c-H 
li o 11 



Continuing, now, tins process of clothing the car- 
Loii-skeieton, let us, in the nest place, substitute for 
two of tlie hydrogen -atoms of the nonnal alcohol an 
atom of oxygen, sclocting tor repiacenient tlie twi> liy- 
(Irogen-atoms which are connected with that tcrnjinal 
carbon-atom to which the hydi'oxyl is nnited : 

n n n n ii o 

n-o-c-o-o- H n-0-c-c-O-n 

H H H II TI 

^opyUc Alcohol gIvcB I'mploulc AiAi. 

Now, propionic ncid is the third member of tliat bo- 
mologous series of volatile acids of which a partial list 
has ah-eady hecn given (j'-ige 277), and of two of whose 
members the possible variations of structure have al- 
ready been discussed (pages 298 and 300). 

Again, we may suhstitnte in propionic acid a second 
oxygen atom for two of the remaining atoms of hydro- 
gen, and we thus obtain a liquid body called pyruvic 
acid, a perfectly definite substance, although one with 
wliich I can give you no familiar associations : 

n II o n 

n-o-o-o-o-H n-c-c-c-o-n 

n n n 

Ptoptonlo Aeia. Pjiniic Acid. 

The acids nnd alcohols we Lave thus far formed 
around our three-atom carhon-nucleua have heen all 
monatoraic. The atomicity of a compound, you re- 
member, is determined hy the number of atoms of hy- 
drogen which are easily replaced by metithcsis, and 
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only those atoms of Iiydj'ogcn can be bo replaced wliicli 
arc united to tlio eavbon-nucleus througli an atom of 
oxygen. Hence, with one hjdroxjl group we can only 
produce monatomic compounds. Use two hydroxy! 
groups, and we can form around the same skeleton a 
number of diatomic compounds. The following are a 
few examples. After what has been said, the symbols 
require no detailed description ; but it must be remem- 
bered that the grouping is no phiy of fancy, and that 
a good reason can be given for the position of every 
letter : 



II n n 




H H n 


u-o-o-c-o-o-n 




n-o-o-o-c-n 


H H il 

(PfotyetdiHcovereil.) 
SommlPrapj-lGljca 




li o II 

li 

PrQlijl Glycol 


o n n 




n II 


n-o-o-o-c-o-n 




ii-o-c-c-c-n 


H H 

Sornal at Punlictic Add. 




li 

li 






Attach to the nucleus three hydroxyl gi'oups, and there 
lesult triatomic compounds, among which is a very fa- 
miliar substance : 

11 n n 


n-o-c^ 


c 


c-o-n 


i 





n 


! 

o H n 


rr 


n o 


H-o-o-o-c-o-n 




II-O-C-O-C-O-H 


n 




o 


1 Glj«rlL-Adi 




H 

TarlroDloAclcL 



1 

I 

I 



w 
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Lastly, replace tlio tliree terminal bjdrogen-atoins of 
glycerine l)j nitryl (KO3), and we meet again an old I 
acquaintance : 

O n H H O 

N-0-C-C-C-O-N 

6 I'l O H O 

0-N=0 

I think that this last Bj-mbol will not now appear to-1 
yon 60 strange as when I first called your attention to 
it a few lectures back. It is tnie that I have not act- , 
ually proved that this grouping of the letter? r 
senta the structure of the nitro-glycerine molecule, but I 
1 have led you to a point where you are prepared to I 
accept it as a definite result of investigation, and can 
feel assured that the proofs await your examination in 
the due couree of your study. You can now understand 
more clearly than before how it is that, by the struct- 
ure of the molecule, the osygen-atoras are kept apart 
from the atoms of carbon and hydrogen for which the 
lire-element has such a strong affinity, and how these 
atoms rush into more stable combinations when the 
delicate balance of forces, on which the Btructuro de- 
jieuds, IB disturbed. 

You have now seen what a number of distinct com- 
pounds can be obtained by attaching to one of the very 
Bimplest of the carhon-nuclci atoms of hydrogen and 1 
oxygon alone. Almost every commutation we conld ] 
make with these few atoms is actually realized in a defi- 
nite substance. Of course, with the names of many of 
these bodies you have no association. You must accept 
the assurance that they stand for definite substances, 
and that onr symbols represent the results of care- 
ful investigation, and, knowing this, you can gain eomo 
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Pcpnception of the knowledge we h.ivc acquired of tlie 
iBtructure of this class of compounds ; and, wlicn joii 
ladd to tliia that, in many of these cases, the theory has 
iigoue before discovery, and, by suggesting posaihle com- 
f mntationa of the atoms, has prefigured compounds which 
I were subsequently obtained, you must admit that, rude 
and unreal as our representations of molecular struct- 
ure may be, they have a positive value, botli as means 
of classilying facts and as aids to new discoveries. 

Lastly, let us turn our attention to the second of the 
two carbon-slielctous, whose drj' bones we proposed to 
^^_ clothe with tlic features of definite componnda. The 
^^H group of bodies whose molecules contain, as 

^^1 n f( ^^ assimic, this nucleus (Fig. 32), has been 
^^1 • % very fully investigated by Professor Kekult?, 
^^H°~ V I^ ~ of Bonn, and to him we owe the theory of 
^^B ^*^~S^ their structure which onr diagram reprc- 
^^H Fid. S3. scnts. It may appear superfluous for me to 
^^B repeat that, in such diagrams, the only es- 

^^Hsential points are the relative order of the atoms and 
^^^ the number of tlie bonds ; but the hexagonal shape in 
which we find it convenient to represent on our page 
tho straeture of this nucleus suggests the idea of defi- 
nite form BO forcibly, that additional caution may be 
needed to avoid misconstruction. 

The bodies with which wo are now to deal are, for 
the most part, products either already existing in coal- 
tar, or which may be obtained from it by various chem- 
ical processes. Among them are those gorgeous ani- 
hne dyes which, within a comparatively few years, havo 
added so much to the elegances of common life. From . 
a very large number of compounds, I can only select a 

I few examples. Still, I shall not restrict the selection 
to compounds whose molecules contain only six carbon- 
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atoms, but I shall endeavor to show tliat moleeulee of 
cjctrcme complexity can be built up either by the addi- 
tion of hydrocarbon radicals to the nucleus reprcBcnted 
in Fig. S2, or by the coaleaBcing of two or more of 
these nuclei into one. As I have not time to enter into 
details, the symbols must, to a great extent, bo allowed 
to speak for themselves. 

Coal-tar is a mL^ture of a very large n nmher of sub- | 
Btances whoBe boiling-points vary from 80° Cent, upward. 
When the tar is distilled, and the distillate rectified, 
the more volatile product obtained is chieily a mixture 
of two hydrocarbons — benzol and toluol. This 
ture, the commercial benzol, is used in large quantities 
for the preparation of the aiiiliue dyca : 

n n II n 

c-o n 0-0 

n-6 c-n n-o-o c- 

= H 0-d' 

H n li H 



When benzol and toluol are treated with strong ni- 
tric acid the products are : 

n n n n ' 

0-0 O H 0-C O 

. n-0 c-N rt-o-o c-n 

0=0 n 0=0 

H n H II 
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Wlien nitrobenzol and nitrotoluol are acted on byl 
nascent hydrogen (in the arts a mixture of iron-filingsl 
and acetic acid is used), we obtain : 



ANILINE COLORS. 



Wlieii the mixture of aniline and toluidine, obtained 
itt the arts from commercial benzol, ia treated with 
varioua oxidizing agents, we obtain salts of 



C-0 

11- 0-H 

c = c' 



H ^c-d' 0-0 n 

n-O-C C-N-O O-C-H 

H 0=0 H 0=0 n 
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Eosaniline is a base like ammonia. As I have before 
stated, when the molecule NKj unites with acids to 
form salts, the quantivaleace of the nitrogen-atom ap- 
pears to be increased by two bonds which bind the 
ntome of the acid molecules (see page 238). So, when 
rosaniline combines with acids, the atoms of the acid 
molecule join to one or the other of the nitrogen-atoms 
in the complex molecule of this base. Moreover, as 
there are three of these nitrogen-atoms in the molecule 
of rosaniline, it can bind either one, two, or three mole- 
I eules of acid ; for example, it can unite either with 
HCl, with 2Ha, or with SRCl. Thus, there may be 




3^2 SYSTllESIS OF ORGAJJ:C COMPOUNDS, 

formed three classes of ealta, and those whicli contaia 
the smallest amount of acid are used in the arts as 
coioriag agents. These salts, when crystallized, have a 
very brilliant beetle-lilie" lustre, and yield heaatifiJ 
rose-red solutions. They possess, moreover, a most 
wonderful coloring power. 

Taking only a few crystals (one grain in weight) of 
the hydi-ochlorate of rosanilinc, called fuchsine in com- 
merce, and, first rubbing them up in a mortar with 
some alcohol, I will pour the concentrated solution into 
a large glass jar, holding two gallons of water, and 
you see that this very small quantity of dye shows a 
brilliant red color even when difi'used through the 
large body of liquid. By combining the base with dif- 
ferent acids we obtain only slight variations of tint, but 
very marked alterations of color can be produced in 
another way. 

By recurring to the symbol of rosanilinc, it will be 
seen that there are three hydi-ogen- atoms directly 
united to the three atoms of nitrogen which the radical 
contains. Now, it is possible to replace either one, two, 
or all three of these hydrogen-atoms by various hy- 
drocarbon radicals ; such as — 



i 



-OR, 



-an. 



-cm; 



and we thns obtain other bases whose salts are violet 
or blue — the blue tint increasing with the degree oS 
replacement. I have in these five jars solntiona of 
some of these salts, the aniline violets and bluea of 
commerce, and they will illustrate to you the gra- 
dations of color we can obtain by the replacements I 
have described. 

■ the less volatile products of the distil- 
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lation of coal-tar is the compound called phenol or 
carbolic acid, which is 80 much used as an antisep- 
tic agent. Here is its symbol and also the symbol of 
another compound which has recently acquired great 
theoretical importance, but which, although closely al- 
lied to phenol, is derived from a wholly different 
Bource : 

H n H n 



H-c c-o-n 



n-o c-H 



One of the least volatile products obtained in the 
distillation of coal-tar is a hydrocarbon called naphtha- 
line, Ti'hoso molecule appears to be formed by the coa- 
lescing of two molecules of benzol. This body yields 
a very large number of derivatives having the same 
general structure, some of which have such a deep 
color that they can be used as dyes : 



Associated with naphthaline in coal-tar is a still less 
volatile hydrocarbon, called anthracene, which may be 
regarded as formed by the coaleBcing of three mole- 
cules of benzol : 



SVNTnESlS OF OKGiNIC COMPOU.N'DS. 

u n 

o ^0 n 
n-c' V o' n 
u-o 6 o-o'' 
^0^ ^0 o-n 
II ^3 - o' 
H n 



Xastly, from QiitUracene has been derived the fol- 

lowiug product :' 



0-0 H 

6-0 c 0-0 

o c-o 

n u ir 

AiiL}mqiiliiDii]c Add (AUsuiDc), 

This brings us to one of the latest and most note- 
worthy results of our science. Alizarine is the color- 
ing principle of the madder-root, which has long been 
the eliicf dyestuff used in printing calicoes. But, al- 
though the mordanted cloth extracts from a decoction 
of the root the coloring material in a condition of great 
purity, yet it has been found exceedingly difficult to 
isolate the alizarine. For this reaBon, although the 
subject had been most carefully investigated, there was 
for many years a question in regard to the exact com- 

' For further detaUs Bee "Principles of Chamital rhiloaophj," bj 
Josiah F. Oookc, Jr., publiebcd b^ Joho AUjn, Baston, thiid cditknir 

1814. 



position of tlio substance. A sLort time since, Graebe, 
a Gtjrman diemist, in investigating a. class of com- 
pounds called the qiiinoncs,' determined incidentally 
the molecular structure of a body closely resembling 
alizarine, which had been discovered several years be- 
fore. This body was derived from naphthaline, and, 
like many similar derivatives, was reduced back to naph- 
thaline when heated with zinc-dust. This circumstance 
led the chemist to heat also madder alizarine with zinc- 
dnst, when, to his surprise, ho obtained anthracene. 
Of course, the inference was at once drawn that ali- 
zarine must have the same relation to anthracene that 
the allied coloring-matter bore to naphthaline, and, 
more than this, it was also inferred that the same chem- 
ical processes which produced the coloring-matter from 
naphthaline, when applied to anthracene, would yield 
ahzarine. The result fully answered these expectations, 

i now alizarine is manufactured on a large scale from 
the anthracene obtained from coal-tar. 

Here are two. pieces of cloth, one printed with mad- 
der and the other with artificial alizarine, and the most 
expert calico-printer could not distinguish between 
them. 

This certainly is a most remartable achievement. A 
highly-complex organic product has been actually con- 
etrocted by following out the. in di cation e of its moleeu- 

Ilar structure, which the study of its reaction, and those 
of allied compounds, had furnished. It is a result that 
all can appreciate, and which the world will accept as 



I 



ic qiiinonc U applied to a claas nf bodies wbose molecnleB 
contain two atoms of oijgcn united to n csTbon-nucIcus in the peculiar 
way shown in the STmbol of the topical compound of the class, given 
kbore (page 317). 
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theory of clieiiiiBtry conld offer. The clrcuinstatice ' 
that this substance is the important madder-dye, and 
that tlic new proecsa has a great commercial valiie> of 
course, reallj adds nothing to the force of the evidence 
in favor of the tlieorj'. To the scientific mind the 
evidence of any one of hundreds of substances \yliich 
have been constructed in a similar way, but of which 
the world at large has never heard, is equally conclu- 
sive. Still, we bave great reason to rejoice that this is 
one of the few instances where purely theoretical study 
has been unexpectedly crowned with great practical re- 
sults. Let us accept the gift with gratitude, and pay 
due honor to those through whose exertions it has been 
received. Let us remember, however, that it came as 
a free gift, and that the result was achieved by men 
who, with single-hcirted zeal, worked solely to extend 
knowledge. Forget not, then, to encourage those who 
are devoting their lives to the same noble service, and 
liave the manly courage to sow the seed whose harvest 
they can never hope to reap. Ilonor those who seek 
Knowledge for her own sake, and remember they are 
the great heroes of the world, who work in faith, and 
leave the result with God ! 



^^^^^ ^^^^H 


^^B Tbe nnmbers of tliia index refer to pages. Attention la called 


^^H to the lists of osperimcnts, graphio symbols, reactions, and tables 


^^1 given uniler these sevoral headings. 


^H Acetic acid, 3SI, 2S3. 


Aristotle, OS, 235, ^H 


^H Acetic etiier, 303, 303; iacmstric 


Arithme^c, cliemical, IBO, 110. ^M 


^H witli butjiic acid, 299. 


Artiadi) and periseads, 248. ^H 


^H Acetone, SU. 


Atomic bonds, 241; clamps, 200; ^H 


^H Acetyl, 3U3. 


theory, 103. 


^H Acids, 219, 2BE, 292, 2flT, 292. 


Atomidtj of hydrates, 284. 


^H Acids and aLbnUes, 2GS, 2GS, 260 ; 


AtomB, 88. 130; apeclfie heat of. 


^V difiijrcDces, 27), 278. 


133 ; polarity of, 273 ; weight of. 


" S.^,"?..""-"''"- 


117, 124, 130. 


ATOgadro's law, 13, 37, 63. 


Alcohola, 137, 315. 




Aldelijdes, 3U. 


Barnmcter, 39. 


Aliiarine, 825. 


Bases, 293. 


AUcali, 249, 2B3, 2B5 [He also Acids 


Basic, definition of the ti^ra, 2flB. 


and Allialies). 


Beauxite, 290. 


AluiQ, potusBio, 250 ; ammonic, 290. 


Beclier and Stahl, 235. 


Aluiaiaic oxide, 303. 


Benzol, 820. 


Alumiaum, action on potaaaic hy- 


BeraeUuB. 270, 292. 


drate, 265. 




Amidogen, 313. 


of, 170. 


Ainmonmgas,I86, 244. 


Bonds, atomic, 241. 


Amnionic chloride, 244; nitrate. 


Boric acid, 286. 


^^ 181. 


Boyle's law, 41. 


^K Ampfere'a law, 13. 


Bimson'a lamp, 20S. 


^H Aasljsis, eo, 122, ITO ; of acetic 




^H ether, 300; of alcohol. 137; of 


Bntyrio acid, 283, 299, 804. 


^H butjTio acid, 30U; of nitric acid, 




^H 259; of water, 124, 138; of sail 


Caleic hydrate, 249, 285; oxalate, 


^^H and sugar, 124. 


286; oxide (•££ Ume); sulphate. 


^H Andaluaitc, 2D0. 


2.'J0. 


^H Anhjdride, 288. 


Calcium, 160. 


^H Aniline, 321. 


Candle, 207, 209. 


^H Anthnicene, 324. 


Carbolic acid, 821. 




Carbon, 105, 1S8, 308; atomic 
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^^H weli^kt, 137; ndievit, S09, SIO; 


DiSbnntiatlon, a id^^^tS^^I 




tigatloD, 201. ^^H 


^^H C'uboDic dutilde, 148, IGS, 190, 305 ; 




^^H dioxide ikdlnD on llmo.water, 161; 






Diaodic sulphate, 284. ^^H 


^^m 156; dloiiUe iIe(»iupoi!i:il by so- 




^^M aium, IBS. 


Doatiatic theorj. ^70, 271. ^^H 


^^H Carbonic oxide, 279. 


Dumas'a method for vapor (I«nsit«J^^^I 


^^H Cbolk, decompoBcd by ariib, 1B7; 


^^H 


^^M iocoTDpoaed by hcnt, IBU; tbrma- 




^^^1 tion, 162; sotuCion, IGi. 


Electrical molarity, 275. ^^H 


^H Changes, chemical and physical, 90. 


Electrolyaia, 270. ^^H 


^V Chtrcoal, burning oi; 208, 218. 


Elementary Bubstances, 109-113; ta-^^^| 


^^ Chtrlci-s law, 4B. 


bleor,112; nomenclature of, 169.^^H 


1 Chemical ehaiigCB, 96. 175; com- 


Energy from burning, 190-206 ; frao|^^^H 


pound^ 90, 99, 107. 
Chlorine, atomic weight, 120 -, gns 


the aun. 214; i»deatruotible, 214 ^^H 


required to decompose water, 99J^^^^| 


bums tinsel, 187. 


Ether of apace, 22. ^^H 


Chrj9obei7l,aOO. 


Ethj], 303. ^^H 


ChryaoUte, 288. 


Eipanaion by heat, of gssea 19 ; of ^^^1 


Coal, burning of, 205 -, energi- etored 


liquids, IS. ^B 


in, aofl. 






ei<:h7drate,2aO:ammoiilaandh}^ ^^M 






208. 204, 218; of hyarogen, 100, 


aoap-film, 31; burning oharooal. 


ISa, 199; of phosphorua, 189, 


-203; burning charcoal powder. 


193; of slow-match in oivgen. 


ao-t; burning hydrogen gas, 90; 


91 ; of sulpiiar in nitrous oxido. 


bumiiig iron, 110; burning phos- 


188 ; of sulphur in oiyRcn gaa, 


phorus in air. 189 ; buroingphoB- 


182; of tinsel in chlorine gos, 


phoruB in oxygen, 193: hurning 
watch-spring, 91 ; oaleiniDg chall^ 


187 ; of watch.apring In oiygen. 


91 ; hUtorj of theory. 233. 


166; uholk and acid, 167; chlo- , 




riue gas and tiuael, 187; coloring'^H 


Compound r^cola, 268. 


power of aniline dyes, 822; eon<^^^H 


Compounds (lee Chemical Com- 


puond blow-pipe, 100 ; crygtalliSs^^^H 


pounds); notmilturcfl, 107. 


tion of saUmmoniac, 53 ; cryBtaU^^H 


Corundum, 290. 




Cream-oftartar, 148. 




Crith, 67, 70. 


water, 89, 93; density of vapora, 
77, 80; expansion of liouida by 




tLOnnOtiiBC, 53 ; of uroa, 54. 


heat, 18 ; explosion of iodide of 


Crystalfl, effects on polarized Ught, 


nitrogen, 183; explosion of hy- 


57-62. 


drogen and oxygen, 100; formji^ 


Cuprous oxide, 308. 


tion of TapOTB, 17; globular form 










DaJton'H atomic theory. lOS. 


in air, 219; ice-flowers, 60; iodine 


Definite pioportiouB, law of, 107. 


and phosphorus, 188 ; iron and 


Density, 68. 


hydroohlorio acid, 2SS ; iron and 


Densit^ofvnpore, 7fl. 260. 


sulphur, 104; lime-water and car- 


Desien, in Nature, 213. 


bonic dioxide, 161 ; magnetic ^^m 


Diaspore. 290. 


cnrres, 61 ; Mariotte'a law, 41 ; ^^^1 


DuttDHiic hyiiratea, 286. 


nitric oxide and oxygen gas, 185 ; ^^H 



I 



ight of 



Rith polarlxed light, ET-62 ; Fha- 
rooh's Boipent, lOS ; potaaaic hy- 
drate uid nitric tcid, 2SH i potaa- 
sium and water, 257 j preparation 
of uitrDQS oijde, ISlj prepBrntion 
of oxygen gas, I'll; products of 
combuBlion wfigh more than the 
candle, 210; staking of lime, 101; 
Bodic carbonate and cream-of-tar- 
tar, Hi ; aodic carbonate and mn- 
c acid, 141 ; aodic silicate and 
iatio acid, 280; aodium and 
carbonic dioiLide, IGS; sodium 
and water, SSOj sulphur burnt in 
nitrons oxide, 1 B3 ; sulphuric acid 
and zinc, S68; Hulpburio acid and 
Einc oxide, 264 j Ijnthesis of 
formic acid, 279; v ' ' 
quantiralence, 246; 
carbonic dioxide, 142. 

Feldspar, 291. 

Fenio cliloride, 308. 

Fikoriug, ISI. 

Hfttae, 196; how colorpd, 1B9, : 
2H7 ; light of, 307 ; of wood 
coal, 209. 

Formic acid, 271), 283, 

FreQoh nystem of weights and m 



Fuel, constituenla of, 206; encrpT 
of, 211; products bamilcss, 211. 
Garnet. 2nl. 
Oas, cause of its tension, 43 ; charac- 

Gas illuminaUng, 207. 

Gas-volumes, how represented, 1S8. 

Gay-IjUGgBc'a law, 6B. 

Gibbsite, 290. 

Glass not abaolutcl.v homngcncoas, 

21; sixe of molecalc9, SS. 
Olycerie aoid, S17. 
I Glvcerine, 221, 317. 
I 'Gold, vaiiatioos of quantiTalenee, 
247. 
Oracbe, sjnthceia of alizarine, S2S. 
Gramme, 67. 

Graphic symbol, 2B1 ; acetone, 314 ; 
acetic ether, 303; acetyl, 303; 
324; aluminic oxide, 
lidogen, 313; ammonia 
230; ammonia gas, 244; 
chloride, 244 ; ammoni- 



^B, 308; an 
^^H 23 



ES. 329 

lim, 269 I andalusite, 290 ; aniKne, 
321; anthracene, 324; beauiite, 
290; benzol, 820; butyric acid, 
304; calcio hydrate, 249; calcic 
sulphate, 2S0; carbon radicals, 
309-313 ; corundum, 200 ; chryso- 
beryl, 390; chrysolite, 289; cu- 
prous oxide, 308; cyanogen,- 269 ; 
diaspora, 290; ethyl, 289, 303; 
reMapar, 291; ferrlo chloride, 
808 ; formic acid, 280 ; fluorides 
of manganese, 24C ; garnet, 291 ; 
gibbsite, 290 ; glyceric acid, 317 ; 
glycerine, 317; hydrochloric acid, 
278; hydroiyl, 313; hypoehlo- 
raua acid, 278 ; chlorides of iron, 
246; lactic acid, 317; methyl, 
269; mercurous chloride, SOS; 
naphthaline, 323 ; nitric add, 274 j 
nltro ■ benzol, 320; nitro-totuol, 
S20; nitro-glycerioe, SIB ; uitryl, 
313; pbenol, 323; phosphorous 
chloride, 244 ; triplumbic hydrate, 
249; potaseic aluminic sulphate, 
£50; potoasic hydrate, 273; pro- 
pionic acid, 318; propylic alde- 
hyde, 314; propyiic glycol, 817; 
propylic hydride, 313; pyruvic 
acid, 316; qainone, 328; rogani- 
line, 321 ; silicic hydrates, 288 ; 
turtrouiu acid, 317 ; tolaidine, 
321; toluol, 320; valeric add, 
306 ; woUaetoniti>, 269. 
Gunpowder, 217; energy exerted, 
220 ; products of combuatloD, 218. 

Hare's compound blow-pipe, 100. 

Heat, nature of, 44-49; developed 
by burning, 102; whenever atoms 
unite, 18S. 

Hexatnmic hydrates, 390. 

Hofmann's method for vapor den- 
sity. 80. 

nomolDgues, 306; series of, 283, 
314, 316. 

Hydrates, nomenclataro of, 173 ; 
alkaliueand add, 266; atomicity 
of, 281; definition of, 288, 284; 
instability of, when complei, 287 ; 
yield water when heated, 287. 

Hydrides of methyl, ethyl, propyl, 
etc., 314. 

Hydrochtorio acid, 278; action op 



^B zso ^^^1 


^B iron tuns, aS3; action on Eoaic 


Mndder-dre, 32S. ^^H 


^B carbonate, HI; combines with 


Magnesia hydi-ate, 284; Bulpha'e, ^^^1 




^H 


^H lic9, 230. 


Magnetic Ourrcs, 01 ; polarity, 273. ^^H 




UimgiLiiese fluorides, 245; yaria- ^^M 


^H Hydrogen, alomlc weight of, U». 


tiouB of quaiiiivalvuce, 245, 247. ^^M 


^m Hydrogen p.3, BI ; burning of, 1 96- 


Marjotle-Blaw, 41. ^H 


^^r ^1 ; pmMiatioa or, se3 ; syntbu- 


Mutter, relatiotiB to apace, 20 ; inde- ^^H 


^" Bia of water. 197. 


atructible, 144. ^^M 


HjJropotaaao oitUle, 283. 


Maxwell, •' theory of heat," 49 ; " on ^^H 


UyJroaodic sulphate, 283. 




Hyclroiyl,284, 313. 


Measures and weights, French ays- ^^H 




»'^'''^- ^H 




Morcurous chloride, 308, ^^H 


lec, cryitsHme stmctnre, 6B. 




Ignition, point of, 191. 


Mctathetical reactions, 251. ^^^H 


ImponUerablM, 98. 


Metre, ^^M 


^^ iDlelligencc in Kature, 213, 215. 


Mictocritb, 73, 120. ^^H 


^L l»'li<l<^ of DitrogGD, 1S3, 




^H Iodine, 183, 188. 




^H Iran chlDi-idea. Slfl 


Molecular structure, 240. ^^H 


^^H Iron, yariatijna of quinti Silence, 




^H 


Molecules, chemical deGnition, BS, ^^H 


^B Isomerism, 299. 


86; physical dc&nitron, 84; dla> ^^H 


^H Idopropylic alooh:ii, 315. 


tingulshed from atoms, 118 ; hoV ^^^1 


^B 




^H Eeliul^ bcninl theory, SIO. 




^H Earosone, SU. 


integiity depends on what, 260; 


^H Ketonua, 314. 


size of, 28, 34 ; strucluro of, 236, 




242, 248, 201, 277; weight of; 


^F Lactic acid, 31T. 


B6, 71, 83. 


^^ Lamp, a gis-liictoryi 207. 




Larolsicr, S33, 291. 




Law of Ampferc, 13; Avogadro, 13, 


Mulliralcut, £49. ^H 


BO; Boyle, 41; Charier, 48-BO; 


^M 




NuphthaliDC, 323. ^H 


^m Lu^sao, ea 1 Hariotte, 41 ; iddI- 




^^m tiple proportions, IIB; Ncntoti, 


21S 
Newton, Sir Isaac, 97. 


^H LiQbi'g, 268. 


^H Light, when manifEstcd, 193, 201 ; 


Nitrate of iinc, 293. ^— 




Nitric acid, 268. 274, 278; symbol ^H 




determined, 2SS. ^^M 


^H theory, 22. 


Nitro-benzol and tiitro -toluol, ssn. ^^M 


^■^ Lime, action on water, 161 ; campo- 




^^ sitionof, 180. 




Limcldln, 107. 






^^M 


Lime-water, 161. 


Nitroglycerine, SSI, 318; eiprri- ^^M 


^^ Liquids, characteclsdcs, 60; giofau- 


ment at Newport, 2S3 ; molMnlar ^^H 


^m lar form, S2. 


Btnicturc227, 319; theory of Its ^^M 


^^H Litmus-paper, 166. 


action, 226-2S3. ^^H 


^^M Luminous flames, 207. 


Nitrous oxide, 181, 182. ^^M 
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Kitrj-I, 313. 
Nobat'B bands, 2G, 
Nomencliiture, principles of, 169. 

Orea, smelted by iolar energy, 214. 
Organic compounds, 2UT. 
OxiUc Bcld, ass. 
Oxides, namenelnture of, ItO ; acid 

and basic, i^'I. 
Oijgen, atomic waiglit of, 125; 

ohemicU centre of Nature, 292; 

telationa to dualistic thcor;, SQ2. 
Oxygen gas, 91 ; relations to com- 

busObles, 189-237; prepaciUon 

of, 178. 

Pt^ris^ads and artiad^, 218. 

Piienol, 8a2. 

Plilogiaton theory, 98, 230. 

Pliotigene gas, 27e. 

Phosphoric acid, 280 ; chloride, 214 ; 

oxide, lei. 
iTioaphorous chloride, 244. 
PbosphoruB. combustion of, 189, 

193 ; variatioD of quaudroleuce, 

244, 247. 
Physical cbanges, definition. 66. 
Plants deconipoae carbonic dioxide, 

156. 
Pneumatio troogb, 1B7. 
Polarity of atoms, 2JS. 
Polai-ized light, 66-82. 
PotaBsio chlorate, orystala of, 181; 

used for making oxygen gas, 17T, 

178 ; burning sugar, 216. 
Potasaic chloride, crystals of, ISl. 
Potossic hydrate, 257, 273 ; acted on 

by alominum, 266. 
Potaasic nitratB (saltpetre), 218, 

222, 2C8. 
Potaesium, and water, 207. 
Projectile agenlB, 225. 
Propionio acid, 283, 318. 
Proportional numbers, 110,; old sys- 

tem. 140. 
Fpopylic alcohol, 316; aldeliTde, 

314; glycol, 317; hjdiide, 313. 
Pseud o-alcoht>ln, 810. 
Pyruvic acid, 316. 

Qiinntitative analyHia, 123. 
QuautiTalence, 238-201 ; distinctive 
feature of the new chemistry, 21S ; 



Quin. 



<, 325. 



Radicals, simple and compound, 
SOS ; consisting of carbon-atoms, 
809 ; metals and metalloids, 270 ; 
electro-positive and electro-nega- 
tive, 27U ; serial relations, 271. 

Beactiona, analytical, 177 ; syntheti- 
cal, IBl; metathetical, 261; de- 
Bcriba results of ciperimcuta, 
166; eipresHcd by symbais, 144; 
indicate itnicture, 25!, 30!; nu- 
merical values calculated, 160, 
17B; acetic ether and pota.'jBlo hy- 
drate, 303; ammonia and hydro- 
cblorio acid, 186 ; animonic ni- 
trate, when heated, ISl ; butyrto 
acid and potaslic hydrate, 303 ; 
carbonic dioiideand sodium, 163, 
168; carbonic dioxide aod sun- 
light, 108; caibonic oxide and 
chlorine gas, 279 ; carbonic oxide 
and oxygen gas, 279 ; chalk, when 
calcined, 165; chatk and hydro- 
chloric acid, 167 ; coal and oxy- 
gen, SOB; netallio cupper and 
chlorine gxa, 187 ; electrolysis of 
water, 176; burning of hydrogen 
gas, 170; bydrogcn and oxygen, 
107; hydrochloric add *and iron, 
263 ; iodide of nitrogen, nfaen ex- 
ploded, 181 ; lime and water, 161 ; 
lime-water and carbonic dioxide, 
162; magnesium and water, S84; 
nitric oxide and oxygen gas, 186 ; 
potasaic chloride, when healed, 
17S ; potasaic hydrate and alumi- 
num, 266; potiuiaic hydrate and 
uicrio acid, 261 ; potassium and 
water, S67 ; sodic uarbonaCo and 
creim-of-tartar, 147; sodio car- 
bonate and hydrochloric acid, 
144, 147, 149, 160; sodic hydrate 
and bydrochloric acid, 206; sodi 
um and -water, SS4 ; snlpbt 
acid and nine, 263 ; sulphnric b 
and zinc oxide. 204. 

"Religion and Chemistry" — refer- 
ence, 213. 

Bochelie-salta formed in bi'ead, 
148. 
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Rocka, clndera of ■ pHmeval fire, 



SjnIliEBia, 06, ITE; of uliinrtno, S 

of organic coiupouDilB, SUtt. 
SjTilbeLii;!! reactions, 134-187, 



ftnlAinmoninc, crjelulUzntion of, E3. 

Salts, nomniclBtura of, IT2 ; defiui- 
lioD, 3H. 

Scheele. 234. 

Science, its method iHiwtntt«d, '20i. 

Soriea of homolognea, 2S3, 306, 814, 
SIS; of ToUtUe acids, 283. 

Silicic bydnttea, 9BS-SB8. 

Glakiiig of lime, 161. 

Htiow-fiakeg, G6. 

Soap-bubblM, 29. 

Soap-film, effect on lieht, 30; thick- 
nees of, 32. 

Soda, cBUKtio, 2E3. 

Sodvwstcr, 16B.' 

Sodic cnrboDile and muriatic acid, 
141 ; lijdrate, 2M. 

Sodmm, action on water, £62 ; va- 
por eolora flanie, 2G3. 

Solida, churactcriatiiM of, SS ; Btroct- 

uro illuBlrtiled, 53-62. * ^_^ , 

Specific griiitj diatfnguiBheJ from Tetratomic hjdrates, 
density, 68; of liquids and BoUiis, Thennomeler, 40. 
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TaUe of alcohols, S15; of atnmk- 
neight of carbon, 127 ; ofatoTii!i: 
weight of tliloriiie,12B; oFstouiic 
weight of hydrogen, 1 28 ; of atom- 
ic wdght of oijgen, 120 ; of calo- 
rific power of ccpmbiiftibles, 192 ; 
of componnda of manganese and 
fluorine, 116; of cam]>ouiida of 
nitrogen and oiygen, 116 ; of 



Lf;bt-wayeB, 24 ; of 
elementary gobatanccE, 112; cf 
hvdridefl of methyl, ethyl, etc., 
814 ; low of multiple proportions, 
117 ; quontivalence of atoms, H3B, 
242 ; BpeclGc beat of clementar; 
fiUbstaiicGB, 132 ; IbickueBB of 
tioap-GIm, 32. 

Taitronio acid, 817. 

Temperature, 44-49 ; absolute scale, 
46 ; centigrade scale, 46 ; Fabrcn- 
heit scale, 4S. 

Teat-papera, 166. 



80. 



; of gasea and vapora, 71, 77, 

Spcciflo heat of elementary cub- 

stancea, 131. 
SpectroEonpic analyeia, baais of, 

ISS, 2fi8, 257. 
Spectrum, solar, 2S. 
Stohl, 235. 
Blructuro of raoleculos, 226, 242; 

determines qualities, 299 ; shown 

by reactions, 301 (les Molecular 

Structure). 
SutiBlaoces defined by their mole- 
cules, 86; elementary, 109. 
Sugar 'burnt by potascio chlorate, 

216; deoompoBod by heat, 87; 

decomposed by sulphuric aoid, 

87. 
Sulphate of lime, 293. 
Salpburio acid, action on zinc, 26S ; 

acUon on zinc onde, 2G4 ; graphic 

Hjmbol, 285. 
Sun the source of energy, 214. 
Symbols, chemical, Ul-lfiO, 186; 

how determined, 136, 2G4, 268. 



ThomBon, Sir Willuun, aiie of mol- 
ecules, 36. 
Toluidino, S21. 
Toluol, 320, 

Trioloraic hydrates, 286. 
Trlplumbic hydrate, 24B. 
Triaodic phosphate, 2S6. 
Turmeric-paper, 166. 

Urea, crjatoUization of, 64. 

Valeric acid, normul, 283 j isomerio 

modifications, 806. 
Vapors, condition of, 15; inlerpaie- 

tralion of, 17 ; specific gravity of, 

76-83. 
Volatile acids, aeries of, 283. 

Water decomposed by electricity, 
89, 92; docompoaed by Bodium, 
252 ; decomposed by potassium, 
257 ; hardness of, 164 ; influences 1 
chemical changes, 146 ; ayntbesin J 
of, 197. ■ 



INDEX. 
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Waves of Ught, 24. 

Weight, important relations in 

chemistry, 97 ; of molecules, 66, 

71-83. 
Weights of atoms, 117. 



Weights and measures (French sys- 
tem), 67. 
WoUastonite, 289. 

Zinc sulphate, 263. 



THE END. 
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